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PREFACE 


This  book  has  Ijeen  written  fur  the  use  of  begmners,  and  more 
particularly  for  those  who  are  in  a  position  to  carry  on  practical 
work  in  Science.  The  Jay  has  happily  passed  away,  when  a 
]>assive  attendance  at  a  course  of  lectures,  relievetl  tliuugh  they 
] night  be  by  astonishing  experiments,  Avas  regarded  as  an  ade- 
(piate  training  in  Science.  The  right  aims  of  scientific  education 
are  now  fortunately  recognised  to  be  a  haltit-of  inquiry,  an  atti- 
tude of  personal  independence  and  of  personal  responsiljility  in 
llie  face  of  problems,  and  a  keen  desire  to  undertake  research 
into  the  facts  of  nature,  even  when  second-hand  information 
is  accessible.  The  course  of  work  suggested -"in  these  pages 
is  offered,  in  that  sjiirit,  to  the  large  class  pf-^Svorkers  who  value 
education  more  than  inforniation.  Itis'intended  as  a  handbook 
for  the  laboratory,  t(i  contain  a  short  account  of  the  main  ideas 
that  everyone  must  make  his  own,  before  he  can  undertake 
liigher  work  with  any  measure  of  success.  And  these  ideas  are 
most  permanently  grasped  through  the  medium  of  [iractical' dis- 
c(j^'ery.  Subjects  for  investigation  are  frequently  suggested,  and 
it  is  everywhere  insisted,  that  practice  in  observation  is  even 
more  important  than  the  verification  of  estal)lished  truths.  The 
highest  duty  of  teachers  is  to  train  up  workers,  rather  than  to 
impart,  regardless  of  capacity,  the  maximum  of  knowledge. 

In  1890,  INfessrs.  Longmans  published  Lahoraiori/  Worl;  a 
Ijuok  in  which  I  endeavoured  to  show,  that  an  elementary  course 
(jf  Science  need  not  be  bound  down  to  the  conventional  limits  of 
Physics  or  Chemistry.  It  has  been  usual  for  a  boy  to  define  his 
educational  situation  quite  accurately  by  saying,  that  he  is  doing 
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Chemistry,  or,  it  may  Le,  domg  Physics.  He  had  Ijcttcr  be  learn- 
ing the  conditions  under  which  he  lives,  irrespective  of  scholastic 
pigeondioles.  Xo  douht,  that  feeling  has  prompted  the  new 
syllaljus  for  the  subject  "  General  Elementary  Science  "  issued  by 
the  University  of  London,  and  that  for  the  subject  "  Elementary 
Physiography "  in  Avhich  the  Science  and  Art  Department  of 
South  Kensington  hold  examinations.  The  requirements  of  botli 
these  bodies  are  met,  I  hope,  though  sojuewhat  indirectly,  in  this 
course  of  "  Katural  Philosophy,"  while  they  Avere  roughly  anti- 
cipated in  tlie  earlier  book.  It  appeared  to  me  that  independence 
of  treatment  was  not  only  desirable  in  itself,  but  was  probably 
invited  by  these  authorities.  With  this  feeling  I  was  glad  to  ■ 
respond  to  a  suggestion  that  I  should  write  this  book. 

I  have  to  thank  my  colleague,  Mr.  F.  Collins,  M.A.,  for  helping 
me  along  the  well-beaten  track  of  chemical  rudiments  in  Chaps. 
\  III.  and  IX.  The  work  has  been  so  often  done,  that  it  requires 
no  little  courage  to  undertake  it  afresh,  and  I  am  under  great 
obligations  for  the  relief  afforded.  In  the  last  chapter,  I  have 
largely  utilised  the  matter  of  a  chapter  in  the  book  mentioned 
above,  and,  for  permission  to  do  so,  I  am  greatly  indebted  to  the 
courtesy  of  Messrs.  Longmans,  Green,  &  Co.  To  Mr.  A.  W. 
Brown,  r>.A.,  I  owe  thanks  for  the  diaorams. 
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CHAPTEK  I 

OUTLINE     OF     COURSE 

Introductory  Statement 

The  subjects  to  be  treated  in  the  following  pages,  namely, 
physical  and  chemical  events,  are  constantly  coming  under  our 
notice,  though  we  may  not  be  in  the  habit  of  regarding  our 
knowledge  of  them  as  forming  part  of  Science.  Such  occurrences 
as  the  boiling  of  water,  the  burning  of  coal,  and  the  action  of 
machinery  may  arrest  the  notice  without  stimulating  the  intelli- 
gence, and  without  giving  rise  to  reflection.  It  is  only  Avhen  we 
begin  to  seek  for  the  causes  of  events,  and  to  compare  events  with 
one  another,  that  we  enter  on  a  scientific  course  of  inquiry. 

jNIany  things  which  are  of  frequent  occurrence  are  not  easily 
explained.  They  are  so  familiar  that  they  do  not  arouse  curiosity, 
and  an  explanation  is  not  called  for.  It  is  with  less  common 
events,  as  a  rule,  that  the  search  for  causes  first  begins ;  but  the 
wish  to  know  the  reason  of  unusual  occurrences  soon  grows  into  a 
desire  to  find  an  explanation  for  every  event.  An  attempt  to 
understand  the  many  changes  which  take  place  around  us,  and 
to  arrange  in  some  sort  of  order  the  great  variety  of  objects 
by  which  we  are  surrounded,  gives  rise  to  the  sciences  of  Physics 
and  Chemistry.  Yet  it  is  important  to  remember  that  the  in- 
vestigation of  changes  and  the  arrangement  of  objects,  if  fully 
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carried  out,  would  make  up  between  tlieui  much  more  than  the 
sciences  of  Physics  and  Chemistry  can  inchide. 

Every  branch  of  science  or  systematic  knowledge  is  concerned 
either  with  the  clianrjes  or  with  the  states  or  conditions  of  objects. 
When  we  attempt  to  investigate  any  kind  of  change,  so  as  to 
understand  why  it  has  taken  phace,  and  under  what  conditions  it 
will  take  place  again,  and  also  to  learn  in  what  manner  it  is  con- 
nected with  these  conditions,  we  are  engaged  in  the  study  of  a 
science.  But  as  the  aims  of  the  inquiry  and  the  forms  of  pro- 
cedure may  differ  widely,  it  is  convenient  to  follow  the  several 
sciences  separately,  and  to  give  distinguishing  names  to  the  several 
occupations  into  which  the  study  of  nature  may  be  divided.  Just 
as  there  are  many  ways  of  studying  changes,  many  sides,  in  fact, 
from  which  they  may  be  observed,  so  there  are  many  sciences  of 
change.  Physics,  with  its  branches  of  Dynamics,  Heat,  Elec- 
tricity, Light,  Sound,  etc.,  dealing  with  various  familiar  changes 
among  inanimate  bodies,  and  Physiolog'y,  concerning  itself  with 
changes  in  living  objects,  are  prominent  among  them. 

Again,  Chemistry  is  a  science  treating  of  the  constitution 
and  reactions  of  inanimate  matter,  while  Zoology  and  Botany 
are  confined  to  the  classification  and  structure  of  animals  and 
plants  respectively.  And  the  arrangement  of  objects  around  us 
may  take  various  forms,  according  to  the  purpose  we  have  in 
view,  whether  it  be  to  show  ivliat  they  are  made  of  and  how  they 
can  be  distinguished  from  one  another,  or,  on  the  other  hand,  to 
indicate  ivhat  tliey  can  do,  how  they  will  behave,  or  how  they  are 
connected  with  or  related  to  one  another.  And  the  pursuit  of 
these  various  branches  of  knowledge  has  in  each  case  a  distinctive 
name, 

Now  there  is  one  important  feature  which  distinguishes  the 
knowledge  embodied  in  any  kind  of  science  from  that  which 
makes  up  the  common  stock  of  human  experience.  It  is,  in  the 
first  place,  more  accurate.  As  far  as  possible  it  is  also  quantitative, 
that  is,  some  measurement  of  the  object  or  the  change  in 
question  is  attempted,  and  it  is  this  effort  to  measure  and 
compare  everything  in  its  province  Avhich  is  the  distinguishing 
mark  of  scientific  procedure. 
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Knowledge,  too,  which  may  be  widely  and  even  universally 
applied  is  the  desired  end  of  scientific  training,  knowledge  which 
may  have  been  drawn,  it  is  true,  from  the  study  of  single  and 
isolated  instances,  but  is  valued  for  its  ajjpUcabilitij  to  all  instances 
and  all  occasions. 

Illustrations  of  the  Aims  op  Scientific  Research. 

Changes  in  the  position  of  bodies — the  distinction  between 
their  states,  whether  in  the  solid,  liquid,  or  gaseous  form — 
differences  in  size,  appearance,  and  density— variations  in  tem- 
perature— changes  which  occur  Avhen  certain  kinds  of  matter  are 
brought  into  contact  with  one  another — these  are  among  the 
first  things  to  be  noticed,  classified,  and  measured. 

But  a  change  in  the  position  of  a  body  cannot  be  perceived 
directly.  Other  things  have  to  be  noticed  at  the  same  time. 
A  movement  in  a  given  object  would  not  be  apparent  but  for 
diff'erence  between  its  own  condition  and  that  of  surrounding 
bodies.  It  is  often  difficult  to  decide  when  a  vessel  begins  to 
move  out  of  harbour,  unless  your  observation  includes  the  vessel 
together  with  some  fixed  object.  Movement  cannot  be  detected 
except  two  bodies  at  least  be  under  observation. 

Here  we  come  in  touch  with  a  fact  which  is  universally  true. 
By  recognising  its  truth  the  student  is  able  to  make  a  start  in 
arranging  all  the  possible  modes  and  kinds  of  motion  in  classes, 
and  he  may  then  begin  to  measure  and  compare  rates  of  motion. 

Again,  it  is  not  enough  to  arrange  objects  under  the  three 
classes — solid,  liquid,  and  gas.  More  information  is  to  be  sought. 
There  are  degrees  in  the  solid  state,  varieties,  too,  of  liquids  and 
gases.  A  piece  of  flint  is  harder,  or  more  distinctly  a  solid,  than 
a  piece  of  cork.  Water  is  more  liquid  than  honey.  It  is 
necessary  to  find  out  the  property  which  is  denoted  in  each  case 
by  the  names  solid,  liquid,  or  gas,  to  ascertain  what  it  is  which 
underlies  the  common  and  unreflecting  application  of  these 
terms.  Xot  only  is  it  important  to  know  whether  a  body  is 
solid,  liquid,  or  gas,  but  what  is  the  real  difference  which  gives 
rise  to  our  superficial  distinction;   how  we  can  decide  in  case 
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of  doubt,  and,  if  possible,  what  is  the  reason  of  the  difference 
should  be  learnt.  With  these  aims  before  us  we  begin  the 
systematic  study  of  the  properties  of  matter. 

As  soon  as  a  knowledge  of  mere  distinction  in  size  is  found  to 
be  inadequate  for  practical  wants,  the  comparison  of  sizes  becomes 
necessary,  and  this  implies  measurement.  It  is  not  always 
enough  to  know  which  is  the  larger  of  two  books,  or  two  boxes. 
It  may  be  necessary  to  measure  the  length,  volume,  or  heaviness 
of  an  object,  and  tben  we  go  through  a  process  which  is 
applicable  to  every  kind  of  object,  and  likewise  to  every  kind 
of  event  in  inert  nature.  That  is  the  process  of  measurement^ 
one  which  never  varies  in  its  methods  and  principles. 

Into  all  branches  of  knowledge,  measurement,  or  the  com- 
parison of  quantity,  enters  in  some  form  or  other,  Avliile  in  some 
it  is  paramount  in  importance.  The  principles  which  underlie 
the  operation  of  measuring  are  best  and  most  easily  learnt  in 
connection  Avith  the  dimensions  and  density  of  bodies. 

With  regard  to  changes  of  temperature,  and  in  events  of 
chemical  origin,  it  is  especially  true  that  measurement  is  almost 
everything.  The  measurement  of  the  quantities  of  matter 
chemically  engaged  in  combining  with  one  another  gave  rise 
to  the  modern  development  of  Chemistry,  and  constitutes  its 
mainstay.  It  is  one  thing  to  know  that  coal  burns,  it  is  another 
thing  to  know  that  12  parts,  by  weight,  of  carbon  require 
32  parts  of  oxygen  for  complete  combination,  and  that  the 
act  of  combination  is  accompanied  by  a  very  large  and  determin- 
able alteration  of  temperature. 

Indeed  it  is  the  addition  of  information  of  the  kind  here 
indicated  that  distinguishes  an  item  in  the  ordinary  round  of 
experience  from  the  directed  and  orderly  investigation  of  science. 
And  a  knowledge  of  the  quantities  concerned  in  the  act  of 
burning,  or  an  understanding  of  the  extent  of  the  thermal 
changes  connected  with  it,  does  not  merely  make  our  information 
about  that  or  any  other  chemical  change  more  complete.  It 
forms  part  of  a  general  system  of  observation,  by  means  of  which 
great  generalisations  and  theories  liave  come  into  existence.  It 
is  connected  with  ideas  about  atoms  and  energy.     Our  aim 


PROVINCE  OF  PHYSICS  AND  CHEMISTRY       5 

will  be  to  follow  the  course  along  wliich  discovery  has  travelled. 
and  comprehension  grown  wider  and  wider,  and  to  learn  to 
discriminate  between  scraps  of  information  and  systematic  know- 
ledge. 

The  Province  op  Physics  and  Chemistry. 

It  may  be  again  laid  down  as  above  question,  that  both  of 
the  sciences  of  Physics  and  Chemistry  are  mainly  based  upon  the 
accurate  observation  of  events  or  changes.  I^ow  most  of  what 
we  know,  even  about  things  as  they  are,  has  been  derived  from 
watching  things  icliile  ilieij  are  underrjoing  change.  We  have 
had  to  learn  how  or  what  they  are  now,  by  noticing  how  or  what 
they  were  previously.  And  all  the  events  which  take  place, 
\vhile  a  change  is  in  progress,  require  to  be  -watched,  and,  as  far 
as  possible,  measured. 

It  was  stated  at  the  outset,  that  one  characteristic  of  all 
scientific  work  is  the  search  for  causes,  and  this  means  finding 
out  ichat  has  gone  he/ore.  The  cause  of  a  chemical  or  physical 
event,  just  as  of  any  other  change,  is  nothing  but  a  similar  kind 
of  occurrence  which,  has  preceded  it  or  been  joined  with  it. 
Nothing  takes  place  by  itself.  Every  event  is  joined  with  others 
in  an  endless  series.  The  movement  of  a  train — the  action  of 
the  engine — the  pressure  of  steam — the  burning  of  coal — the 
formation  of  coal  through  the  work  of  plants — the  dependence 
of  plants  on  the  sun  for  their  life  — illustrate  how  far  back  such 
a  series  may  reach.  In  other  words,  these  two  branches  of 
Natural  Science  or  Knowledge  of  Nature  contain  information 
al)out  the  present  state  or  condition  of  inanimate  objects,  the 
changes  these  objects  may  undergo  in  the  future,  and  the 
changes  they  have  undergone  in  the  past. 

Many  familiar  events  and  many  well-known  facts  will  be 
described  and  discussed  in  a  manner  tending  towards  a  certain 
end,  namely,  the  acquisition  of  a  connected  hodij  of  knowledge. 
Hence  it  will  be  found  that  facts  are  not  simply  stated  by  them- 
selves, nor  given  in  any  order,  but  they  are  described  as  far  as 
possil:)le  in  such  a  way  that  their  connection  icitli  one  another  may 
be  perceived,  and  so  that  they  may  form  an  introduction  to  more 
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complete  and  more  accurate  knowledge,  or  even  prove  a  stepping- 
stone  to  research,  that  is,  an  attempt  to  add  something  new 
to  the  store  of  human  knowledge. 

The  plan  or  order,  according  to  which  the  subject  is  treated, 
is  one  which  experience  has  proved  to  be  the  best.  It  is  not  a 
course  which  the  beginner  would  be  able  to  create  for  himself. 
Indeed,  a  beginner  cannot  very  well  be  in  possession  of  a  plan  of 
work.  He  must  be  content  to  receive  it  from  others,  and  he 
must  follow  it  patiently,  with  the  certainty  that  in  the  end  he 
will  gain  much  more  by  following  the  guidance  of  his  teachers 
than  by  following  his  own  inclinations,  however  praiseworthy 
and  good  in  intention  they  may  be.  As  a  matter  of  fact  industry 
must  be  directed  and  controlled  or  it  Avill  not  be  effective. 

It  is  customary  to  give  to  the  student  a  definition  of  the 
subject  which  is  about  to  occupy  his  attention.  Yet  definitions 
should  properly  come  at  the  end  of  a  course,  for  they  will  be 
understood  there  better  than  at  the  beginning.  It  may  be  stated 
provisionally  that  this  introductory  course  of  science  or  Natural 
Philosophy  is  intended  to  prepare  for  the  more  systematic 
study  of  Physics  and  Chemistry.  Its  object  will  be  to  furnish 
the  student  with  an  outline  of  two  great  conceptions  which 
dominate  every  branch  of  physical  science,  namely,  the  principle 
of  the  Conservation  of  Energy  and  the  Atomic  Theory 
of  the  constitution  of  matter.  With  this  object  in  view,  the 
various  kinds  of  change  which  are  to  be  observed,  and  the 
various  properties  of  matter  which  are  to  be  investigated,  will 
be  described.  The  different  forms  of  quantity  which  need  to  be 
measured,  and  the  principles  of  measurement  will  be  pointed  out. 
The  several  forms  and  transformations  of  enenjij  will  be  indicated, 
and  an  outline  of  the  classification  of  the  innumerable  forms  of 
matter,  in  accordance  with  the  theory  of  a  limited  number  of 
elementary  substances,  will  be  given. 

The  treatment  of  the  subject  will  be  practical  throughout,  and 
the  illustrations  of  the  various  branches  of  measurement  and 
observation  which  are  selected  may  be  followed  and  confirmed 
by  the  student  himself  in  the  laboratory.  In  addition,  some 
stress  will  be  laid  on  the  direct  application   of  laboratory  results 
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to  a  wider  region  of  observation,  namely,  to  that  knowledge  of 
the  earth,  its  movement  and  prominent  features,  which  con- 
stitutes the  material  of  the  science  of  Physiography. 

Illustrations  of  the  Province  of  Physics  and  Chemistry, 
the  fall  of  a  body  to  the  earth. 

A  body  falls  to  the  ground  unless  it  is  supported.  This  fact 
is  so  familiar,  and  is  impressed  on  r;s  at  such  an  early  stage,  that 
it  appears  absurd  to  take  the  trouble  to  describe  it  in  words. 
But  it  is  worth  mentioning,  as  an  instance  of  how  easily  we  are 
contented  with  knowing  part  of  a  change,  instead  of  trying 
to  find  out  all  that  is  to  be  learnt  about  it.  That  a  small  body 
near  the  earth  moves  towards  it  is  a  better  description.  But 
it  will  be  still  better  to  say  that  all  bodies  move  towards  the 
earth  if  they  are  not  already  touching  it.  The  change  may 
occur  anywhere,  and  at  any  time,  in  the  case  of  any  body  near 
the  earth. 

But  there  still  remains  something  to  be  said  as  to  the  manner 
in  which  that  movement  takes  place.  In  what  direction  and 
at  what  rate  does  the  body  move  1  The  direction  is  always  the 
same,  that  is,  the  shortest  path  is  taken,  and  this  is  readily  and 
directly  perceived.  But  the  rate  cannot  be  directly  watched 
because  it  is,  in  most  cases,  too  rapid.  Special  modes  of  observa- 
tion will  have  to  be  adopted,  at  a  later  stage,  to  learn  about  the 
rate. 

When  the  manner  of  the  motion,  i.e.  the  rate  and  direction, 
have  been  learnt,  one  part  of  our  investigation  is  completed. 
But  another  still  remains.  It  is  possible  that  other  events  may 
occur  at  the  same  time  as  the  body  falls,  and  it  is  possible  that 
they  may  be  connected  with  one  another.  These  are  matters 
which  will  have  to  be  inquired  into,  if  the  change  in  question 
is  to  be  fully  understood. 

THE    SWING    OF    A    PENDULUM. 

It  is  clear  that  we  have  in  the  pendulum  an  instance  of  a 
body,  which  is  trying  to  fall  to  the  earth,  but  is  prevented  from 
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doing  so  by  its  attachment.  But  the  first  half  of  the  movement, 
which  follows  when  the  pendulum  is  disturbed  from  its  position 
of  rest,  is  the  only  part  of  the  change  which  corresponds  with  tlie 
fall  of  a  body.  As  soon  as  the  bob  of  the  pendulum  has  reached 
its  lowest  point,  a  rise  follows.  The  fall  is  succeeded  by  an 
upward  movement  of  equal  extent,  as  of  a  body  being  thrown 
away  from  the  earth's  surface.  This  in  its  turn  is  followed  by 
a  fall  and  rise  in  the  opposite  direction.  The  motion,  with  its 
fall  and  rise  with  regard  to  the  earth  and  its  reversal  of  direction, 
continues  until  friction  at  the  point  of  si;pport,  or  the  resistance 
of  the  air  overcomes  it.  When  once  started  the  change  in  the 
position  of  the  pendulum  would  be  incessant  but  for  friction, 
though  the  range  of  movement  is  small  and  the  same  path  is 
repeatedly  traversed. 

Clear  observation  of  the  swing  of  a  pendidum  reveals  the 
fact  that  the  rate  of  movement  varies.  It  is  at  its  greatest  when  it 
is  passing  through  the  position  at  which  it  rests.  At  the  farthest 
point  of  its  swing  on  either  side  the  movement  momentarily 
ceases.  It  becomes  slower,  stops,  and  is  then  reversed  in 
direction. 

There  is,  however,  another  fact  of  importance  to  be  noted 
in  the  movement  of  a  given  pendulum.  All  its  swings  appear  to 
occujnj  the  same  time.  It  will  be  impossible  to  detect,  by  any 
method  of  timing  which  you  may  employ,  any  difference  in  this 
respect  between  consecutive  swings.  It  is  not  asserted  that  this 
is  absolutely  true.  More  refined  methods  may  shoAV  that  they 
are  not  all  absolutely  alike  in  duration.  This  remains  to  be 
seen.     But  to  ordinary  observation  they  will  appear  alike. 

But  this  similarity  in  time,  Avhich  is  usually  described  by 
saying  that  the  period  of  oscillation  is  constant,  does  not  extend 
to  all  pendulums.  It  holds  true  of  the  same  pendulum  alone. 
Each  pendulum  preserves  its  own  period  unchanged,  but  the 
period  varies  in  a  marked  manner  Avith  the  length,  becoming 
slower  as  the  length  of  the  pendulum  increases. 

The  observation  of  this  familiar  event  is  not  complete  until  its 
connection  with  the  dimensions  and  shape  of  the  pendulum  is 
ascertained.     Even  when  this  has  been  done,  the  possibilities  of 
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learning  more  about  the  manner  in  Avliicli  the  motion  takes  place 
are  not  exhausted,  until  it  has  been  tried  under  the  most  varied 
conditions  of  place  and  time. 

Practical  "Work. 

Apparatus  Required. — Small  cast-iron  or  lead  ball  weighing  from  h  to 
1  11).,  with  a  small  hook  attached  fur  suspension,  fine  strong  twine  or  thread. 
Watch  with  seconds-hand,  or  metronome. 

Susiiension  is  best  obtained  by  tightly  clamping  the  twine  between  two 
small  blocks  of  wood,  using  the  clamp  of  a  retort-stand,  or  ordinary  iron 
clamps.-^ 

By  clami)iug  strips  of  wood  to  the  edge  of  a  table,  or  a  shelf,  supports  for 
the  pendulums  are  conveniently  obtained,  and  the  actual  suspension  may  be 
from  a  small  livet  or  peg  driven  in  the  wood,  though  the  method  of  clamp- 
ing permits  a  variation  in  length  to  be  most  conveniently  carried  out. 

Observatioxs  to  be  made. 

1.  The  time  of  an  oscillation  does  not  vary  as  the  amplitude  alters.— 

Ascertain  the  time  of  a  single  oscillation  by  observing  how  long  is  taken  by 
about  30  of  them,  and  then  dividing  the  total  quantity  of  time  by  that 
munber.  Then  vary  the  amiilitude,  that  is  the  distance  tliro\igh  which  the 
pendulum  swings,  and  find  out  if  any  change  ensues  in  the  period,  that  is, 
in  the  time  of  swing. 

2.  The  time  of  an  oscillation  is  altered  by  a  change  in  the  length  of  the 
pendulum.— Vary  the  length  of  the  pendulum  so  as  to  be  in  the  ratio  of  the 
numbers  1,  2,  and  4.  Compare  the  times  of  swing  for  these  different  lengths. 
Length  is  to  be  measured  from  the  point  of  suspension  to  the  centre  of  the 
"bob."  Note  that  the  times  are  not  related  in  such  a  simple  manner  as 
the  lengths. 

3.  The  time  of  an  oscillation  is  quite  independent  of  the  quantity  of 
matter  serving  for  the  bob  of  the  pendulum.— This  may  be  demonstrated 
l)y  suspending  bodies  showing  a  marked  ditlerence  in  weight,  and  measuring 
the  period  of  oscillation  when  the  length  of  the  pendulum  remains 
unaltered. 

Make  a  record  in  a  tabular  form  of  the  facts  observed  under  the  above 
three  sections. 

Xote  that  in  these  experiments  we  are  dealing  with  what  is  called  a 
siirqilc  2)enchtlum. 

1  Sold  at  about  10s.  a  dozen,  and  very  useful  for  many  purposes  in  a 

Practical  Course  of  Physics. 
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The  Difference  between  a  Body  at  Eest  and  tn  Motion. 

The  previous  illustrations  liave  taught  us,  that  even  the 
simplest  changes  may  be  looked  at  in  several  ways,  and  also,  that 
it  is  best  to  pay  attention  to  one  part  of  a  change  at  a  time.  But 
there  are  few  changes  which  are  so  easily  described  as  these  were, 
and  still  fewer  which  can  be  so  completely  described.  It  is 
necessary,  for  example,  to  be  satisfied  for  the  present  with  a  very 
incomplete  description  of  the  manner  in  which  a  body  at  rest 
differs  from  one  in  motion.  What  the  difference  depends  on, 
how  much  is  due  to  the  body  itself,  and  how  much  to  its  motion, 
can  only  be  grasped  after  many  careful  observations  have  been 
made.  It  will  be  enough  now  to  demonstrate,  that  a  great 
difference  exists. 

Experiments. — 1.  A  piece  of  tlun  paper  stretched  over  the  wire  ring  of 
a  retort-stand  will  support  a  fairly  heavy  body,  a  bullet  or  an  ounce  weiglit, 
when  carefully  placed  on  it,  but  the  paper  will  be  pierced  if  the  body  be 
allowed  to  fall  on  it. 

2.  A  thread  whicli  is  strong  enough  to  su[)port  a  weight  may  be  broken 
by  allowing  the  weight  to  fnll,  or  by  putting  it  in  motion. 

3.  The  extension  of  the  spring  of  a  spring-balance,  by  a  body  attached  to 
it  by  a  string,  is  increased  by  allowing  the  body  to  fall  through  a  short 
distance. 

In  each  of  these  experiments  a  new  property  is  added  to  the 
body  by  its  motion.  It  is  able  to  do  more  %uork  than  it  coidd 
before.  The  movement  of  a  pendulum  exhibits  the  same  fact. 
When  it  has  reached  the  lowest  point  of  its  swing,  the  motion 
then  possessed  by  the  Aveight,  or  l)ob,  enables  it  to  raise  itself, 
through  a  distance  ecpial  to  that  by  which  it  was  first  displaced 
from  its  position  of  rest.  In  the  act  of  falling  //  gaiyis  something, 
which  enables  it  to  rise  again  through  an  equal  distance. 

This,  too,  may  be  added,  that  the  greater  the  rate  of  motion, 
the  more  the  body  endowed  with  motion  gains  in  ability  to  do 
ivork  or  overcome  resistance,  and  numerous  illustrations  of  this 
will  suggest  themselves.  A  further  treatment  of  this  subject 
forms  one  of  the  most  important  parts  of  Physics,  for  most  physical 
changes  may  be  considered  as  examples  of  work  being  done,  and 
the  most  prominent  agents  of  work  are  moving  bodies. 
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The  Boiling  of  Water,  and  Melting  of  Ice. 

These  two  occurrences  belong  to  another  class,  but  they  are 
not  entirely  unconnected  Avith  events  of  the  class  just  described. 

Apparatus. — A  flask,  thermometer,  gas-burner,  stand,  and  wire-gauze. 
Also  a  beaker  and  ice. 

Experiments. — 1.  Fill  tlie  flask  with  water  half-way  up  the  neck,  and 
mark  the  level  by  tying  a  piece  of  thread  round  the  neck.  Note  that  as 
the  water  gets  warmer  it  expands. 

2.  The  change  may  be  made  much  more  marked  by  fitting  a  glass  tube 
to  the  flask  by  means  of  a  cork.  The  flask  is  filled  with  cold  water,  so  that 
when  the  cork  carrying  the  tube  is  pushed  in  the  neck,  the  water  rises  some 
distance  up  the  tube.  On  warming  the  water  in  the  flask,  the  change  of 
volume  is  now  more  easily  seen. 

Compare  this  apparatus,  and  what  it  shows,  with  the  thermometer  con- 
sisting of  a  bulb  and  tube  of  very  fine  bore,  and  Avhat  it  shows. 

3.  Use  the  flask  partly  full  of  water,  insert  the  thermometer,  and  heat 
to  boiling-point.  Note  that  while  the  boiling  continues  no  further  expan- 
sion of  the  mercury  ensues.  Its  level  continues  steady.  Either  the  expansion 
of  mercury  ceases  at  a  certain  point,  or  the  water  ceases  to  get  hotter, 
although  it  remains  in  contact  with  the  soui-ce  of  heat. 

4.  Break  the  ice  in  small  pieces  and  pack  them  in  the  beaker  round  the 
thermometer.  Notice  that  an  event  of  the  same  kind  as  the  last  takes  place. 
The  mercury  contracts  as  it  is  cooled  by  the  ice,  then  remains  steady. 

Both  of  these  events,  the  melting  of  ice  and  the  boiling  of 
water,  may  be  described,  names  may  be  given  them,  and  the 
words  temperature,  meltingpoiiit,  and  boiling-point  may  be  used, 
but  information  of  this  kind  will  not  help  us  much  towards 
understanding  them.  A  wider  range  of  observation  and  experi- 
ment must  be  first  undertaken,  and  this  subject  Avill  occupy  much 
of  the  time  of  the  student  of  Physics. 

But  without  going  too  far,  this  much  may  now  be  said : 
that  the  steam  formed  from  the  water,  and  also  the  water  formed 
from  the  ice,  have  gained  something  new,  in  much  the  same  way 
as  a  body  in  motion  has  acquired  something  not  possessed  by 
the  body  at  rest.  The  comparison  becomes  closer  when  it  is 
recollected — and  no  experiment  is  needed  to  demonstrate  this  fact 
— that  two  bodies  when  they  are  rubbed  together  become  sensibly 
warmer. 
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Chemical  Changes. — Chemical  changes  form  a  class  by 
themselves.  They  differ  from  others  in  one  important  respect. 
Substances  which  iindcrgo  a  change  of  this  kind  are  no  longer 
recognisable  by  the  sense  of  sight.  Their  appearance  is  altered, 
and  it  is  this  alteration  in  appearance  which  confers  upon  chemical 
events  their  most  obvious  character,  though  it  is  not  their  sole 
feature. 

Illustrations. — 1.  The  burning  of  a  candle  is  a  chemical  clian^'o.  The 
material  of  the  candle  becomes  an  invisible  gas  for  tlic  most  part. 

2.  Copper  powder  ^  when  dry  is  weighed  and  then  placed  in  a  piece  of  hard 
glass  tubing.  After  being  heated  by  a  bunsen  flame  for  some  minutes  it 
changes  in  appearance.  It  has  become  black.  On  weighing  this  black  sub- 
stance it  is  found  to  be  heavier  than  the  copper  from  which  it  is  formed. 
There  is  something  added  to  the  copper.  It  has  been  proved  by  various 
experiments  that  something  was  added  to  the  candle  in  the  act  of  burning, 
and  that  the  two  changes  are  similar  in  respect  to  the  substance  added 
(oxygen  by  name). 

The  rusting  of  iron  after  exposure  to  the  air  is  an  instance  of  a  similar 
change. 

3.  Heat  the  black  substance  just  obtained  with  some  weak  sulphuric 
acid,  and  some  unchanged  copper  also  with  similar  acid.  A  blue  liquid  is 
obtained  in  each  case,  and  these  when  evaporated  each  yields  a  blue  crystal- 
line bod}'. 

4.  Leave  a  bright  piece  of  iron  in  the  blue  licjuid  for  some  time,  the 
copper  will  rea[)pear  upon  the  surface  of  the  iron. 

5.  Place  a  piece  of  bright  copper  in  a  solution  of  mercury  nitrate.  The 
copper  becomes  coated  with  mercury. 

Such  a  change  might  readily  give  rise  to  a  belief  in  the  transmutation  of 
metals,  and  from  such  changes  did  the  belief  first  arise.  But  if  we  attend  to 
the  liquid  itself,  and  not  to  the  copper,  the  explanation  appears. 

Dissolve  some  mercury  in  nitric  acid,  and  then  jilace  a  piece  of  copper  in 
the  solution.  The  mercury,  then  dissolved  and  lost  to  view,  does  but 
reappear  on  the  co[)per.  There  is  no  transmutation  here,  but  certain 
indestructible  bodies,  which  have  temporarily  lost  their  more  prominent 
qualities,  regain  them  and  reappear. 

The  conclusions  to  be  drawn  from  these  results  are  plain. 

Substances  may  be  changed  beyond  recognition,  and  yet  may 

present   all  their  properties  again  unaltered.       However   deeply 

rooted  the  change  may  seem  to  be,  there   must  be   something 

'  May  be  easily  prepared  by  placing  zinc  in  a  solution  of  copper  sulphate. 
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iinafFected  in  every  case,  sometliing  in  the  nature  of  tlie  sub- 
stances which  prevents  complete  loss  of  idenlity. 

It  is  also  important  to  remember  that  no  substance  is  changed 
by  itself.  Other  events  go  on  in  other  bodies  at  the  same  time. 
JSTo  satisfactory  knowledge  of  the  phenomena,  or  of  the  products  of 
flame  and  fire  was  gained,  until  attention  was  directed  to  the  sub- 
stance, air,  and  the  effects  produced  in  it  during  combination. 

That  there  is  a  distinction  to  be  drawn  between  chemical  and 
other  changes  is  clear,  and  this  distinction  is  important;  but  it  is 
equally  important  to  recognise,  that  there  are  many  respects  in 
which  they  are  alike,  and  this  resemblance  will  be  pointed  out 
more  fully  at  a  later  stage  of  our  course. 

Summary  of  Results. 

Any  of  the  illustrations  which  have  been  given  will  help  us 
to  understand,  that  even  a  part  of  the  surroundings  of  a  given 
change  may  be  enough  to  afford  an  exjilanation  of  it,  and  that, 
when  all  its  surroundings  have  been  included  in  our  observa- 
tion, there  is  nothing  more  to  be  learnt  which  can  be  described, 
strictly  speaking,  as  explanatory.  All  that  can  be  learnt  of  any 
change  is  achieved  by  the  accurate  observation  of  all  its  circum- 
stances. By  paying  attention  to  all  that  precedes  it,  and  all  that 
follows  it,  we  are  doing  all  that  is  possible.  Inferences  may  be 
made  and  conclusions  drawn,  but  the  certain  and  infallible  know- 
ledge of  nature  is  based  wholly  on  observation.  Agents  of 
change  or  causes  of  events  must  be  directly  perceived,  and  fictions 
must  not  be  imagined  or  invented  in  order  to  save  the  trouble 
of  looking  for  the  reality. 

Definitions. — To  observe — to  learn  Ly  the  exercise  of  the  senses, 
mainly  siglit  and  touch. 

Inference — an  effort  of  the  reason  to  go  beyond  direct  observation. 
Experience  of  what  has  previously  happened  under  similar  or  like  circum- 
stances enables  us  to  foresee  what  will  happen  again,  or  what  must  have 
happened  on  a  given  occasion.  ]]ut  inference  is  also  exercised  whenever  the 
mind  is  occupied  in  reasoning  about,  or  in  forming  a  judgment  upon,  Avhat 
comes  under  observation.  It  is  a  mental  process  often  described  as 
"  guessing." 
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A  Peeliminary  Classification  op  Changes. 

Every  change  observable  in  an  inanimate  body  must  belong  to 
one  of  three  classes — 

1.  Change  of  Position. 

2.  Change  of  Form. 

3.  Change  of  State. 

The  last  kind  of  change  is  the  widest  and  the  most  difficult  to 
understand.  A  great  variety  of  events  comes  under  the  heading 
of  change  of  state.  Water  changed  into  ice,  coal  passing  away  as 
a  gas,  a  filament  of  carbon  glowing  and  heated  by  an  electric 
current,  and  the  momentum  acquired  by  a  body  in  motion,  are 
instances  of  change  of  state. 

Change  of  position  is  the  simplest  kind  of  change  to  be 
noticed.  Yet  its  simplicity  does  not  always  make  it  easy  to 
explain.  It  will  be  necessary  first  of  all  to  understand  what  is 
meant  by  position,  but  if  we  take  it  for  granted,  that  position  with 
regard  to  the  surface  of  the  earth  is  understood,  it  will  be  easy  to 
understand,  that  change  of  position  may  always  be  described  as  an 
alteration  in  the  distance  between  two  bodies.  It  is  readily  and 
directly  observed,  and  no  simpler  kind  of  change  can  occur. 
The  movement  of  living  things  and  that  due  to  machinery  afford 
the  most  prominent  examples. 

It  is  clear  in  every  case  that  two  bodies,  or  two  positions,  at 
least  are  always  needed  for  its  detection.  Sometimes  a  rough 
value  of  distance  is  rapidly  estimated  by  the  eye,  but  in  doubtful 
cases  more  exact  measurement  is  necessary. 

Changes  of  form,  such  as  occur  when  a  body  expands  or  con- 
tracts, or  when  it  is  altered  in  shape,  are  closely  akin  to  change  of 
the  first  class,  for  we  have  only  to  fix  our  attention  on  the  parts 
of  a  body,  and  it  becomes  clear,  that  any  kind  of  alteration  in  the 
form  of  a  body,  as  a  whole,  is  merely  a  change  in  the  relative 
position  of  its  parts. 

Now  it  may  be  stated,  that  all  changes  are  connected  icitli 
matter.  They  are  made  perceptible  hy  means  of  matter. 
Nothing  is  known  to  take  place  outside  ourselves  except  it  be 
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through  the  agency  of  material  bodies,  and  all  the  innumerable 
events  occurring  in  nature  may  be  classed  either  as  changes  in  the 
position,  form,  or  state  of  material  objects. 

Illustrations  op  different  Classes  of  Change. 

The  daily  experience  of  alternation  of  light  and  darkness  directs 
attention  to  a  movement  of  the  earth  with  regard  to  the  sun. 
No  impression  of  change  can  compare  with  this  in  importance  and 
vividness.  The  only  movements  on  a  large  scale,  which  are 
noticeable  on  the  surface  of  the  earth,  are  those  of  water  frinn  a 
higher  to  a  lower  level,  as  seen  in  rivers  and  streams,  the  tides 
apparent  at  sea,  and  the  movements  of  the  atmosphere.  Com- 
pared with  these,  the  movements  due  to  human  contri^•ance  are 
insignificant. 

AVith  regard  to  those  instances  of  change  of  position  which 
come  under  our  own  control  and  may  be  made  to  take  place  under 
our  own  eyes,  it  may  be  noticed  on  most  occasions  that  motion  is 
directly  conveyed  from  one  body  to  anotlier.  A  good  illustration 
is  afforded,  by  suspending  a  number  of  hard  bodies  by  strings  so 
as  to  touch  one  another,  and  then  allowing  the  one  at  the  end  to 
strike  its  neighbour.  The  movement  is  communicated,  intpercejjt- 
ihly,  through  several  bodies  in  turn,  until,  when  the  last  body  of 
the  series  is  reached,  the  motion  is  exhibited.  Many  other  cases 
suggest  themselves,  as  shoAving,  that  a  body  moves  because 
another  moving  body  strikes  or  presses  against  it. 

On  the  other  hand,  there  are  many  instances  in  which  the 
action  is  not  so  direct.  In  the  movement  of  a  piston  under  the 
pressure  of  steam,  the  process  of  transferring  motion  is  not 
apparent,  although  there  are  reasons  for  inferring  a  transfer  of 
a  simple  kind  to  take  place. 

The  fall  of  a  body  to  the  earth  may  be  regarded  as  a  result 
of  a  previous  movement,  by  which  it  was  pressed  away  from  the 
earth,  just  as  the  compression  of  a  spring  may  be  followed  by  a 
rapid  motion  and  restoration  of  every  part  to  its  previous  position, 
on  the  removal  of  the  compressing  body.  The  comparison  of  two 
instances  of  the  kind  here  given  will  often  be  found  instructive. 
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The  movement  of  a  piece  of  iron,  while  a  magnet  is  moved  in  its 
neighbourhood,  or  of  a  light  body  towards  one  which  is  electrilied, 
may  also  be  brought  to  mind  in  this  connection. 

Changes  of  form  are  commonly  fomid  to  follow  an  alteration 
in  temperature.  A  body  usually  becomes  larger  when  heated, 
and  smaller  when  cooled,  but  these  changes,  though  occurring 
everywhere,  are  less  striking  than  the  deformation  of  bodies 
under  pressure.  Whenever  one  body  presses  on  another,  the 
body  which  suffers  tlie  pressure  either  moves,  or  is  deformed  or 
strained.  It  may  be,  that  the  material  undergoing  the  strain  is 
of  such  a  natiu'6  as  to  show  no  outward  indication  of  this  state, 
and  in  that  case  there  is  no  change  of  form.  But  in  many  cases 
it  is  perceptible  and  measurable.  In  structures,  such  as  hoiises 
or  bridges,  the  object  is  to  prevent  the  change  of  form  and 
the  motion  which  often  follow  on  pressure,  by  using  a  suitable 
arrangement  of  non-yielding  material. 

Those  changes  which  do  not  come  under  the  head  of  changes 
of  position  or  of  form  are  classed  together,  for  convenience,  as 
changes  of  state.  It  must  not  be  forgotten,  however,  that 
such  a  description  does  not  add  much  to  our  understanding, 
though  it  may  help  us  to  arrange  events  in  some  kind  of  order. 

A  body  raised  from  the  surface  of  the  earth  and  maintained 
in  that  position  is  also  changed  in  state.  And  it  will  often 
happen,  that  change  in  position  coincides  with  change  of  state. 
It  differs  from  a  body  on  the  surface  of  the  earth.  It  is  able 
to  return,  and  to  do  work  in  so  doing.  A  head  of  water,  a 
compressed  spring,  a  compressed  gas,  a  hot  body,  a  wire  con- 
veying a  current  of  electricity,  an  electrified  body,  a  charged 
plate  of  an  accumulator,  serve  to  show,  that  capacity  to  do  work 
or  effect  clianges  may  be  acquired  by  a  body  in  a  great  variety 
of  modes. 

The  INIkaning  of  the  term  State,  as  applied  to 
Matter. 

A  description  is  wanted  of  the  meaning  to  be  borne  by  the 
term  state  of  matter.     After  what  has  been  laid  down  in  the. 
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previous  section  about  the  various  kinds  of  change,  it  is  natural 
to  turn  our  attention  to  tliose  objects,  in  which,  or  by  which, 
change  is  manifested  to  us.  We  shall  find  on  doing  so,  that  a 
knowledge  of  the  various  kinds  of  change  must  be  acquired, 
bef(")re  the  meaning  of  the  state  or  condition  of  matter  can  be 
understood. 

It  may  be  laid  down  as  universally  true,  that  changes  cannot 
be  understood  apart  from  the  material  bodies  which  exhibit  them, 
and,  likewise,  that  matter  cannot  be  understood  apart  from  the 
changes  which  may  take  place  in  it.  In  other  words,  the  two 
great  facts  of  external  nature  are  matter  and  change,  and 
they  are  so  bound  together  that  they  can  never  be  separated  even 
in  thought. 

The  accuracy  of  this  statement  is  borne  out  in  any  attempt 
to  describe  accurately  what  is  meant  by  the  condition  or  state  of 
a  body.  It  is  immaterial,  whether  we  are  talking  of  the  states 
commonly  spoken  of  as  solid,  liquid,  or  gaseous,  or  have  in  our 
minds  the  condition  of  a  boily  with  regard  to  temperature, 
electrification,  energy,  or  other  phenomenon.  Every  state  of  a 
body,  excepting  only  its  dimensions,  is  perceived  and  estimated 
by  some  change  which  that  body  produces  on  others,  or  else  by 
the  change  which  other  bodies  produce  upoii  itself. 

To  distinguish  a  solid  from  a  liquid,  it  is  necessary  to  find 
out  how  the  substance  in  question  behaves  with  regard  to 
other  bodies,  or,  what  is  the  same  thing,  how  other  bodies 
affect  it. 

To  find  out  if  a  body  be  at  a  high  temperature,  or  if  it  be 
electrified,  we  watch  its  behaviour  with  regard  to  other  bodies. 
The  pressure  of  a  heavy  body  upon  a  liquid  has  a  different  result 
from  that  of  a  heavy  body  upon  a  solid.  The  resistance  of  the 
solid  to  deformation  distinguishes  it  from  a  liquid  which  readily 
undergoes  change  of  shape.  To  find  out  about  the  temperature 
of  a  body,  we  have,  generally,  to  watch  the  extent  to  which  it 
causes  the  mercury  in  a  thermometer  to  expand  or  contract. 

Matter  and  changes  in  matter  together  form  the  lohole  field 
of  investigation  for  Physical  Science,  and  it  is  important  to  try 
to  realise  this  twofold,  aspect  of  our  subject  at  the  outset. 
2 
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Things  which  have  the  First  Claim  to  be  Measured, 
AND  THE  Mode  op  Measurement  employed. 

Distance. — The  measurement  of  distance  or  length  is  always 
one  of  the  first  operations  to  be  nndertaken  in  practical  work,  not 
only  because  it  is  the  simplest  to  carry  out,  but  also  on  account 
of  the  fact  that  an  estimate  of  length  enters  into  almost  all  later 
measurements.  It  is  appropriate,  therefore,  to  mention  length,  or 
distance  between  tAvo  marks  or  objects,  as  the  first  thing  to  be 
investigated. 

It  will  be  found  that  the  same  principle  controls  the  measure-^ 
ment  of  all  lengths.  IS'o  matter  Avhether  the  distance  is  very 
small,  the  thickness  of  a  wire  for  example,  or  so  vast  as  the 
distance  of  the  earth  from  the  sun,  a  standard  whereAvith  to 
measure  is  a  necessity.  Widely  as  these  two  operations  may 
appear  to  differ,  there  is  no  real  diff"erence,  except  in  the  method 
of  applying  that  standard  Avhicli  is  a  necessity  for  both  cases. 

Direction. — When  the  methods  of  measuring  length  have 
been  practically  followed,  it  Avill  be  necessary  to  learn  Avhat  is 
meant  by  direction,  and  how  it  is  defined  or  described.  It  is 
known  that  a  knoAvledge  of  direction,  aided  by  that  of  distance, 
is  required  before  the  position  of  a  giA^en  body  can  be  described. 
The  position  of  a  town,  if  not  knoAA^n,  is  sufficiently  described, 
Avhen  it  is  said  to  be  a  certain  number  of  miles  in  a  certain 
direction,  starting  from  a  knoAvn  position.  The  position  of  a  tree 
in  a  field  may  be  similarly  described,  by  a  distance  in  a  knoAvn 
direction  from  a  given  point. 

But  it  Avill  be  noticed  that  some  starting-point  is  alAA'ays 
required,  if  real  information  about  direction  is  to  be  conveyed. 
The  need  of  a  starting-point  may  be  associated  Avitli  the  need 
of  a  standard  in  measuring  length.  The  length  to  be  used  as  a 
standard  or  unit  must  be  a  Inioion  value,  and  the  point  by  Avhich 
direction  is  defined  must  be  a  Jiiioion  poijit.  It  must  be  possible 
to  refer  to  the  starting-point,  just  as  it  is  essential  to  be  able  to 
refer  to  the  standard  length.  These  facts  give  an  indication  of 
the  limits  Avhich  are  fixed  to  all  measurement.  We  can  never 
get  beyond  comparing  things  with  one  another. 
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Position. — It  will  be  seen  that  position  lias  mucli  in  coiiuiniii 
■with  direction.  Indeed  direction  and  distance  combined  are 
enough  by  themselves  to  give  full  information  about  position. 
And  once  having  a  definite  knowledge  of  position,  you  will  easily 
understand  what  is  meant  by  motion,  or  change  of  position. 

But  position  is  not  quite  so  easy  to  describe  as  it  may  appear 
to  be.  Its  description  assumes  a  thorough  grasp  of  the  fact,  that 
nothing  can  be  estimated  or  measured  except  by  Comparison 
with  something  else.  A  given  position  can  only  be  defined 
by  referring  to  one  other  position  at  least,  and  this  is  supposed, 
for  the  time  being,  to  be  fixed  and  unalterable. 

Almost  all  the  positions,  about  which  we  are  concerned,  are 
upon  the  surface  of  the  earth,  yet  the  earth  itself  is  known  to  be 
in  rapid  and  involved  motion.  It  is  impossible,  therefore,  to  speak 
of  absolute  jJOsition,  though  position  upon  the  surface  of  the  earth 
is  easy  to  describe.  For  most  purposes  this  is  all  that  is  wanted, 
but  it  is  important  to  understand,  that  position  so  described  is 
only  relative,  and  that  motion,  too,  is  always  relative  will  have  to 
be  realised  in  treating  of  motion. 

Surface.— Every  solid  body  is  hounded,  or  separated  from 
space,  by  one  or  more  surfaces.  A  surface  is  that  which  separates 
one  portion  of  space  from  another,  or  constitutes  a  limit  to  any 
portion  of  space.  But  it  is  clear  that  we  cannot  deal  with 
surfaces,  except  so  far  as  material  objects  present  them  to  our 
observation.  All  practical  knowledge  of  surface  is  derived  from 
observation  and  measurement  of  the  exterior  of  solid  bodies. 
And  since  it  is  necessary  to  measure  all  quantities  by  comparison 
with  a  standard  quantity,  of  the  same  kind  as  that  being  measured, 
we  shall  become  best  fitted  to  understand  what  a  surface  is  by 
learning  to  measure  it.     The  magnitude  of  a  surface  is  spoken  of 

as  its  area. 

It  must  not  be  forgotten  that  a  surface  does  not  really  lielong 
to  the  body  which  presents  it.  It  does  not  partake  of  its  nature. 
Surfaces  differ  in  shape  and  size,  but  they  have  no  other  kind  of 
difi'erence.  Just  as  we  are  dependent  upon  material  bodies  for 
om-  perception  of  length,  so  are  we  dependent  on  them  for  our 
ideas  of  surface.     Yet  in  both  cases  it  is  space  that  we  are  deal- 
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ing  with,  though  we  can  understand  nothing  about  space,  except 
by  means  of  the  bodies  which  are  scattered  aboiit  in  it. 

Volume. — The  conception  of  voknne  resembles  that  of 
distance  and  surface  in  being  part  of  our  knowledge  of  space. 
It  is  the  quantity  of  space  enclosed  by  a  surface,  or  by  a  combina- 
tion of  surfaces.  In  speaking  of  the  volume  of  a  given  body,  we 
refer  to  the  quantity  of  space  it  occupies,  that  is,  to  its  size.  We 
find  in  connection  with  volume,  as  with  other  quantities,  that  the 

process  of  measuring  alone  leads  to  exact  knowledge. 

And  the  conception  of  surfaces,  as  the  limits  or  boundaries   of 
space,  is  a  necessary  foundation  of  that  knowledge.     Just  as  lines^ 
are  to  be  regarded  as  the  boundaries  of  surfaces,  siirfaces  them- 
selves serve  as  the  boundaries  of  volumes. 

Ideas  about  lines,  surfaces,  and  volume  make  up  between 
them  all  that  is  definite  in  our  knowledge  of  space.  And  to 
understand  these  elements  in  our  conception  of  space  we  depend 
upon  material  objects.  Space  is  intelligible  only  through  matter, 
and  both  space  and  matter  are  two  fundamental  things  which 
enter  into  every  item  of  positive  knowledge,  and  therefore 
demand  to  be  considered  in  the  first  place.  It  is  quite  true  that 
we  may  think  about,  and  discuss,  a  volume,  without  imagining  it 
to  be  filled  by  a  material  object,  just  as  a  surface  may  be  con- 
sidered and  estimated,  without  attention  being  directed  to  the 
body  presenting  it,  but  the  beginning  of  knowledge  on  these 
subjects,  and  its  end,  too,  lies  in  matter. 

The  Perception  op  Change. 

It  is  only  after  some  acquaintance  with  the  meaning  of 
distance,  volume,  and  direction  has  been  gained,  that  it  is  pos- 
sible to  enter  into  any  discussion  of  change.  There  is  a  sense 
of  something  antagonistic  to  change  in  our  thoughts  aliout  space, 
and  the  operations  by  which  distance  and  direction  are  investi- 
gated confirm  the  view,  that  space  is  something  in  itself  invariable, 
though  it  forms  the  medium  in  which  change  presents  itself. 

ISTow  the  changes  perceptible  in  space,  which  must  first  occupy 
our  attention,  are  those  alterations  in  the  disposition  of  bodies 
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which  are  found  out  by  successive  measurements  of  distance. 
Even  the  more  prominent  changes  in  tlie  relative  position  of 
bodies  are  made  known  to  us  after  a  rough  process  of  measure- 
ment by  eye.  An  alteration  in  the  distance  between  any  two 
bodies  is  an  instance  of  the  simplest  kind  of  change, 
namely,  movement. 

It  will  be  noticed,  that  in  the  perception  of  movement  we 
are  conscious  of  a  new  idea,  a  new  item  of  knowledge,  and 
that  is  time.  For  the  recognition  of  movement  it  was  said, 
that  successive  measurements  of  distance  were  necessary.  Now 
the  word  successive  in  itself  conveys  the  idea  of  time. 

Time,  like  space,  is  one  of  our  most  fundamental  conceptions, 
and  it  enters,  like  space,  into  all  oiu'  observations  and  feelings. 
On  this  very  ground,  we  experience  so  great  a  difficulty  in  putting 
our  thoughts  about  it  into  words.  No  object  can  be  thought  of, 
much  less  observed,  except  as  existing  in  space,  and  as  having 
some  position  in  space.  In  the  same  way  as  space  is  the 
something,  which  comes  into  our  minds  as  soon  as  Ave  perceive 
distinctness  or  separateness  in  bodies,  or  as  soon  as  we  realise  that 
we  are  surrounded  by  individual  objects,  existing  apart  from  and 
independent  of  one  another,  so  do  Ave  find  it  necessary  to  invent 
a  something  called  time,  to  express  our  consciousness  that  events 
have  an  order  and  a  separation  from  each  other. 

Material  bodies  have  a  distinctness  and  isolation  in  space, 
that  is,  a  position.  Changes  in  those  material  bodies  have  a 
distinctness  and  isolation  in  time,  or,  as  we  may  express  it, 
events  have  a  sequence  ov  p)lace  in  time. 

Hence  it  is,  that  time  is  the  medium  in  which  we  consider 
change  to  take  place,  and  that  time  and  change  are  so  much 
interwoven  in  our  minds  as  to  be  inseparable.  It  would  be 
possible,  indeed,  to  remove  the  Avord  time  from  all  our  descriptions 
of  nature,  and  to  substitute  for  it  a  term  relating  to  change,  for 
every  change  has  to  be  compared  with  a  standard 
change  which  we  call  a  second  of  time.  That  the 
duration  of  any  change  is  measured  by  comparing  it  Avith  the 
standard  of  duration,  is  another  mode  of  expressing  this  fact. 

Time,  again,  resembles  space,  in  that  Ave  cannot  conceive  any 
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limit  to  it.  They  are  both  capable  of  indefinite  exploration.  It 
is  impossible  to  imagine  a  limit  to  space,  and  equally  impossible 
to  understand  a  beginning  or  end  of  time.  JN'evertheless  we  are 
concerned  in  all  investigation  Avith  a  limited  space  and  a  limited 
time.  Everything  that  we  know  about  space  or  time  is  gained 
by  measurement  carried  on  within  limits,  that  is,  our  knowledge 
is  relative. 

Moreover,  space  and  time  are  intimately  connected  with  one 
another.  Time  being  in  reality  an  aspect  of  change,  and  change 
being  in  its  simplest  form  always  an  alteration  in  position,  it  is 
clearly  difficult  to  separate  these  two  conceptions  completely. 

It  has  already  been  stated,  that  a  similar  tie  connects  space 
with  matter,  and  we  have  therefore  three  fundamental  con- 
ceptions whicb  underlie  all  our  thoughts,  all  our  theories,  and 
all  our  researches  into  nature.  Space,  Matter  and  Time  are 
the  three  fundamental  things  with  which  physical  science  deals, 
and  every  item  of  knowledge  must  bear  some  reference  to  one  or 
other  of  them.  Every  act  of  measurement,  Avhatever  may  be  the 
complexity  of  the  quantity  measured,  must  therefore  consist 
directly  or  indirectly  of  a  measurement  of  one  or  more 
of  these  primary  quantities. 

Differences  in  the  Kind  or  Quality  of  Matter. 

Inasmucli  as  differences  in  the  kind  or  quality  of  matter  will 
form  part  of  our  inquiry,  it  is  appropriate  to  state  here  the  main 
lines  along  which  this  inquiry  will  be  directed.  So  soon  as 
observation,  even  of  a  superficial  character,  is  turned  towards  the 
great  variety  of  substances  within  its  reach,  an  important  dis- 
tinction has  to  be  drawn,  between  bodies  which  are  homogeneous 
and  those  which  are  heterogeneous. 

Such  things  as  water,  air,  bronze,  and  silver  are  alike  in  all 
their  parts,  so  far  as  direct  observation  can  inform  us.  However 
carefully  they  are  inspected,  each  individual  substance  preserves  its 
own  special  properties  unchanged  in  all  its  visible  parts,  and  for 
that  reason  they  are  said  to  be  homogeneous. 

Those  bodies  which  do  not  exhibit  this  even  and  unvarying 
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distribution  of  the  same  characters  throughout  tlieir 2xirts,  belong 
to  the  class  of  heterogeneous  substances,  but  as  such  they  will 
not  often  occupy  our  attention. 

The  chemist  is  more  commonly  concerned  with  homogeneous 
bodies,  and  if  he  has  to  deal  with  those  which  are  heterogeneous, 
or  a  mixture  of  distinct  substances,  he  proceeds  to  a  separate 
study  of  each  of  the  different  components  which  make  up  the 
heterogeneous  whole. 

It  is  found,  that  in  most  cases  the  visible  homogeneity  does 
but  hide  an  invisible  complexity,  that  the  apparent  sameness  and 
oneness,  existing  throughout  many  substances,  is  limited  in  degree. 
As  a  result  of  past  discoveries  and  research,  these  homogeneous 
bodies  are  themselves  separable  into  three  classes — 

1.  Substances  Avhich  are  elementary  in  nature  and  not  further 

resolvable.    Chemical  elements. 

2.  Substances  resolvable  into  two  or  more  elements,  which 

have  come  together  in  accordance  with  certain  relations 

as  to  quantity.    Chemical  compounds. 

3.  Substances  resolvable  into  two  or  more  elements,  which  are 

not  associated  in  the  relative  quantities  characterising 

chemical  combinations.    Ordinary  mixtures  which 
are  homogeneous. 

The  conditions  under  which  the  combination  of  elementary 
substances  takes  place,  the  changes  which  accompany  it,  and  the 
theories  by  which  it  is  explained,  constitute  the  Science  of 
Chemistry.  This  science  is  prominently  occupied  in  classifying 
the  different  kinds  of  matter,  and  in  forming  a  scheme  of  the 
properties,  which  confer  upon  each  distinct  substance  its  char- 
acter and  individuality.  With  regard  to  compound  substances, 
their  composition  and  the  origm  of  their  complexity  are  sought. 
The  physical  properties  and  chemical  behaviour  of  the  component 
elements  likewise  form  part  of  that  study. 

The  Relation  of  Matter  to  Change. 

It  only  remains  now  to  point  out  some  of  the  more 
prominent  generalisations  about  the  connection    of    matter  with 
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change.     In  dealing  with  change  it  will  he  found  necessary  to 
consider  : 

1.  The  quantity  of  matter  undergoing  change. 

2.  The  kind  of  matter  undergoing  change. 

When  these  two  things  are  known,  an  important  step  has 
been  taken  in  learning  about  change. 

It  has  been  said  that  space,  matter,  and  time  always  enter 
into  our  knowledge  of  nature.  Change,  which  takes  place  in 
space  and  time,  forms  a  great  part  of  nature,  and  space  and  time 
have,  therefore,  to  be  considered  as  part  of  nature  quite  as 
much  as  matter. 

We  shall  be  expressing  the  ultimate  basis  of  all  scientific 
investigation  if  Ave  say  that  it  is  resolvable  into  : 

1.  Measurements  of  quantity  of  Space. 

2.  Measurements  of  quantity  of  Matter. 

3.  Measurements  of  quantity  of  Time. 


CHAPTEE  II 

THE   MEASUREMENT   OF   SIMPLE  QUANTITIES 
General  Principles  of  Measurement 

Need  of  Standard. — The  foundation  of  all  exact  knowledge 
is  measurement,  and  in  order  to  proceed  with  that  operation,  some- 
thing wherewith  to  measure  is  essential.  A  standard  or  unit  is 
always  needed,  no  matter  whether  it  be  an  invariable  quantity  or 
a  change  which  has  to  be  measured. 

When  once  a  standard  has  been  selected,  the  next  step  is  to 
find  out  how  many  times  it  is  contained  in  the  quantity  being 
measured.  In  other  words,  we  measure  every  quantity  by  means 
of  another  quantity  called  the  standard,  and  therefore  in  measur- 
ing we  are  only  hringiyig  tico  things  together  for  comjmrison. 

Nature  of  Standard. — It  must  be  carefully  noted  that  the 
standard  quantity  must  be  of  the  same  kind  as  the  quantity 
which  is  about  to  be  measured.  Distance  is  measured  by  bringing 
another  distance  alongside  it,  mass  is  balanced  with  another  mass, 
and  time  with  another  interval  of  time.  Again,  speed  must  be 
measured  by  a  standard  of  s})eed,  energy  by  a  standard  of  energy, 
work  by  a  standard  of  xcorli.  Instead  of  the  word,  standard,  the 
term,  unit,  will  be  frequently  used,  and  it  will  bear  the  same 
meanmg. 

Magnitude. — The  estimation,  therefore,  of  the  magnitude 
of  a  quantity  is,  in  all  cases,  a  matter  of  determining  how  many 
times  a  quantity  of  the  same  kind,  called  the  standard,  must  be 
repeated  in  order  to  equal  it,  or,  it  may  be,  what  fraction  it  is  of 
the  standard.  It  occurs  sometimes,  that  the  quantity  to  be 
measured  is  smaller  than  the  standard,  and  then  we  find  out,  how 
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many  times  it  is  contained  in  the  standard  usually  adopted.  But 
it  will  commonly  happen,  that  the  standard  employed  is  smaller 
than  the  quantities  to  be  compared  with  it. 

Quantity  denoted  by  a  Number  and  a  Name. — It  will 
be  perceived,  that  numhers  necessarily  express  the  results  of 
measurement.  Every  quantity,  as  soon  as  it  is  measured,  is 
expressed  by  a  certain  number,  the  numerical  value,  together 
with  a  name,  that  of  the  standard  employed.  A  number 
together  with  the  name  of  the  standard  is  necessary  to  express 
any  magnitude. 

Standards  used  in  Measurement. 

N.B. — It  is  imperative  that  eacli  student  should  have  an  opportunity  of 
handling  a  metro  scale  (or  some  portion  of  a  metre)  subdivided  in 
decimetres  and  millimetres  ;  a  scale  with  English  standards  marked  ; 
a  box  of  weights  according  to  the  metric  system,  and  a  set  of  ounce 
weights  ;  a  cubic  decimetre  ;  a  cubic  centimetre,  and  a  pint  measure. 
Without  a  personal  inspection  of  these  things  the  student  will  gain 
but  little  from  the  following  description.  The  description,  indeed, 
should  be  read,  as  far  as  possible,  with  the  objects  at  hand. 

Length. — The  common  English  standards  of  length  are  :  the 
inch,  foot,  yard,  and  mile.  They  are  related  in  a  simple  way  to 
one  another.  Which  of  these  three  standards  is  employed 
depends  upon  the  distance  to  be  measured.  Long  distances  are 
measured  by  miles,  short  distances  by  inches,  or  even  fractions  of 
an  inch. 

Mass. — The  common  English  standards  for  measuring  quan- 
tities of  matter  are  :  the  ounce,  j^ound,  hundredweight,  and  ton. 
Just  as  in  measuring  distances,  so  in  measuring  quantities  of 
matter,  the  standard  used  depends  upon  the  quantity  to  be 
estimated.  In  large  quantities,  an  ounce  more  or  less  need  not  be 
considered,  and  so  we  employ  the  larger  standards,  hundredweight 
or  ton. 

The  standards  of  length  and  quantity  of  matter  have  been 
mentioned  together,  because  our  use  of  them  in  measurement  is 
much  the  same.  The  processes  resemble  one  another,  and  the 
quantities  are  of  the  same  simple  order,     Length  and  mass  are 
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indeed  two  of  the  simplest  quantities  with  which  we  have  to  deal 
There  is,  however,  one  other  simple  quantity,  time,  but  its 
measurement  requires  much  more  thouglit,  and  involves  greater 
skill  in  observation  than  the  others.  For  these  reasons  it  is 
discussed  later. 

Metric  Standards. — In  addition  to  the  standards  given 
there  is  a  metric  system  of  measurement  which  needs  our  atten- 
tion. And  inasmuch  as  the  principles  involved,  and  the  methods 
employed,  are  the  same,  whatever  may  be  the  standards  adopted, 
there  is  considerable  advantage  in  learning  the  standards  which 
form  the  system  as  early  as  possible. 

The  basis  of  this  system  is  the  Metre,  the  standard  of  length. 
Compared  Avith  the  yard  it  is  about  yyth  longer  ;  speaking  more 
accurately,  it  is  39 '37  inches.  Subdivisions  of  this  standard 
are  Y^gth,  Y^o^h,  and  yo^^oth  of  the  whole.  Multiples  also  exist, 
which  are  ten  times,  a  hundred  times,  and  a  thousand  times  the 
metre  respectively  ;  only  one  of  these,  however,  is  in  common  use, 
the  kilometre. 

The  starting-point  in  the  measurement  of  a  quantity  of  matter 
is  the  gramme,  and  in  order  to  measure  large  or  small  quan- 
tities Avith  convenience,  it  is  subdivided  by  10,  100,  or  1000, 
and  multiplied  by  the  same  numbers,  as  in  the  case  of  the 
metre. 

Decimal  Scheme  employed. — It  Avill  be  perceived,  that 
the  prominent  feature  of  this  system  consists  in  the  different 
standard  quantities  being  related  to  one  another,  as  multiples  of 
ten.  It  is  a  decimal  system.  Hence  we  shall  always  be  making 
use  of  decimal  fractions  in  metric  measurement,  w^hile  in  our 
English  system,  the  various  quantities  are  not  related  in  the  same 
manner  to  one  another,  though  the  relation  is  always  a  simple  one 
and  admits  of  easy  calculation. 

The  folloAving  table  Avill  give  fuller  information  on  this  subject, 
and  Avill  enable  the  student  to  compare  the  quantities  in  the  two 
systems  with  one  another.  And  the  practical  exercises  which 
follow  them,  if  they  are  carefully  performed,  will  teach  much 
more  about  the  principles  of  measurement  than  a  te^it-book 
can  do. 
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Metric  Standards  of  Length. 

1  Metre  =  10  decimetres  =  100  centimetres  =  1000  millimetres. 
1  Decimetre  =  10  centimetres  =  100  millimetres. 
1  Centimetre  =  10  millimetres. 

Therefore — 
1  Millimetre  =  J^  centimetre  =  ^1^.  decimetre  =  y^Vo  metre,  or 
1  Millimetre  = -1  centimetre  = -01  decimetre  = -001  metre. 
1000  metres  is  called  a  kilometre. 

Other  names  are  given  to  multiples   of  the  metre,   namely, 
decametre  for  10  metres,  and  hectometre  for  100  metres,  but  they. 
are  seldom  used.     The  kilometre,  which  equals  1000  metres,  how- 
ever, is  a  common  standard,  and  is  used  on  the  Continent  for  such 
distances  as  Avould  be  measured  by  the  mile  in  this  country. 

English  Standards  of  Length. 

1  Yard  =  3  feet  =  36  inches. 
1  Foot  =12  inches. 
1  Mile=  1760  yards. 

Therefore — 
1  Inch  =  yL th  foot  =  ^''g-th  yard. 
1  Foot  =  ^rd  yard. 
It  will  be  seen  that  the  factors  for  multiplying  and  dividing 
vary  in  the  English  system,  while  they  remain  the  same  in  the 
metric  system.     Eut  it  must  not  be  supposed  that  the  metric  or 
decimal  system  is  necessarily  the  best  for  ordinary  use. 
1  Metre  =--39-37  inches  about. 
1  Inch     =25-4    millimetres  about. 

Metric  Standards  of  Mass. 

1  Gramme  =  10  decigrammes  =  100  centigrammes  =  1000  milli- 
grammes. 

1  Decigramme  =10  centigrammes  =  100  milligrammes. 

1  Centigramme  =  10  milligrammes,  or 

1  Milligramme  =  yiyth  or  -1  centigramme  =  yiyth  or  -01  deci- 
gramme =  j-j/^^th  or  -001  gramme. 
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The  only  multiple  of  the  gramme  which  is  in  use  is  the  kilo- 
gramme, or  1000  grammes. 

In  the  English  standards  of  mass:  1  lb.  is  equal  to  16  oz.  ; 
112  Ih.  make  1  cwt.  ;  and  1  ton  contains  20  cwt.  These  are  the 
standards  used  for  ordinary  purposes.  In  measuring  gold,  silver, 
gems,  drugs,  etc.,  other  standards  are  employed,  and  some  care  is 
needed  in  order  not  to  confuse  these  separate  systems. 
1  Kilogramme  =  2 -2  pounds  about. 
N.B. — The  spelling  of  gramme  is  frequently  shortened  to  gram. 

Implements  for  Measuring. 

W^eightS. — If  you  go  into  a  sliop  and  ask  for  a  certain 
quantity  of  a  commodity,  you  will  notice  that  the  shopman 
employs  certain  pieces  of  brass  to  enable  him  to  give  you  the 
(piantity  you  ask  for.  These  objects  are  called  weights,^  and 
they  contain  a  standard  quantity  of  matter,  the  puund,  a  certain 
number  of  times,  or  else  a  certain  number  of  those  fractions  of  a 
pound  which  we  call  ounces.  Koav  it  would  be  very  incon- 
venient to  have  the  standard  quantity  indctinitely  repeated.  If  we 
Avant,  for  example,  to  weigh  out  10  lb.  of  a  substance,  we  do  not 
find  ten  weights  at  hand,  but  we  make  up  the  quantity  by  using 
three  Aveights,  namely  1  lb.,  2  lb.,  and  7  11). 

In  other  words,  there  is  a  simple  scheme  by  which  the  shop- 
man can  make  up  any  quantity  from  quite  a  small  number  of 
standard  objects.  K'ow,  if  he  possesses  such  standard  objects  or 
"  weights  "  equal  to  1,  2,  4,  7,  14,  28,  56  lb.,  that  is  seven  objects 
altogether,  he  can  make  up  any  quantity  from  1  to  112  lb.  For 
example,  to  make  up  75  lb.  he  will  want  a  56,  a  14,  a  4,  and  a 
1  lb.  Aveight.     Four  Aveights,  in  this  case,  contain  75  units. 

Precisely  the  same  arrangement  is  pursued  Avith  ounce  Aveights. 
Four  bodies,  1,  2,  4,  and  8  oz.,  respectively,  can  be  arranged  to 
equal  anything  from  1  to  16  oz. 

^  The  distinction  between  quantity  of  matter  or  mass,  and  weiglit,  is  one 
which  cannot  yet  be  appreciated.  It  is  advisable  to  put  aside  fur  tlie 
present  a  discussion  of  this  important  question,  with  the  admission,  that  no 
distinction  between  mass  and  weight  is  necessary  for  practical  purposes. 
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In  the  laboratory,  the  Metric  System  is  more  frequently 
used,  and  the  gramme,  with  its  multiples  and  fractions,  is 
employed.  A  box  of  Aveights  of  this  kind  will  generally  be  found 
to  possess  masses  so  adjusted,  that  any  number  of  grammes  may 
be  represented  from  I  up  to  50,  100,  200,  or  500,  as  the  case  may 
be.  We  use  for  the  purpose  pieces  of  brass  equal  to  1,  2,  2,  5, 
10,  10,  20,  50,  100,  etc.,  grammes.  You  will  notice  that  the 
number  19  will  require  four  of  these  pieces  of  brass  ;  37  will  also 
require  four  ;  40  will  require  three. 

This  box  of  weights  may  also  contain  fractions  of  the  gramme, 
and  in  that  case  it  is  usual  to  count  in  milligrammes,  or  thou-  ^ 
sandths  of  a  gramme.  Twelve  objects,  either  pieces  of  alummium 
or  platinum,  as  a  rule,  are  so  adjusted,  that  any  required  thou- 
sandth of  a  gramme  can  be  obtained  from  them.  They  will  need 
to  be  equal,  respectively,  to  500,  200,  100,  100,  50,  20,  10,  10,  5, 
2,  2,  and  1  milligramme. 

Comparison   of   Box   of   Weights   and    Scales    of 

Lengths. — Now,  we  shall  find,  when  avc  come  to  inspect  the 
two-foot  rule,  or  the  metre  scale,  that  the  implements  of  measure- 
ment are  not  quite  so  compact.  Tor  examjDle,  a  metre  scale 
measures  any  distance  from  1  millimetre  up  to  1000  milli- 
metres, provided  it  be  graduated  in  millimetres ;  but  a  box 
of  weights  which  includes  a  100-gramme  Aveight  can  be 
employed  to  make  up  201,000  different  quantities  of  matter. 
But,  on  the  other  hand,  the  standard  of  length  can  be  utilised  in 
measuring  any  given  length  greater  than  itself,  by  the  process  of 
"  laying  off,"  or  measuring  by  instalments.  There  is  ?wfJiing 
corresponding  with  this  in  the  process  of  ireighing. 

Attention  may  be  directed  to  a  difference  in  the  mode  of 
expressing  the  results  of  measurement.  If  we  Avere 
using  English  standards,  Ave  might  say  of  a  given  distance  that 
it  is  1  ft.  8|th  in.,  or  that  a  certain  mass  is  1  lb.  3  oz.  In 
each  case  Ave  employ  tico  names  to  describe  one  quantity 
(it  is  true  they  are  the  names  of  standards  Avhich  are  connected 
Avith  one  another).  An  example  of  a  metric  quantity  AVould 
be  1"125  metre,  or  6'375  gramme.  In  this  case  one  name  is 
used,  and  this  is    an    advantage.       At   the   same    time    it   may 
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be  noticed,  that  tlie  decimal  fractions  employed  are  ratlier 
cumbrous. 

Original  Standard  Objects. — It  is  important  to  be  quite 
sure  of  one  fact,  that  wherever  we  may  be,  and  whatever  kind  of 
quantity  we  may  he  measuring,  there  must  be  somewhere  one 
single  object,  from  which  must  be  derived  the  standard  we  are 
using,  and  the  similar  standards  which  other  people  are  using. 
Every  pound- weight  in  this  country  is  a  copy,  directly  or  indirectly, 
of  a  certain  object  called  the  Standard  Pound.  Every  scale 
for  measuring  length  has,  in  the  same  way,  been  copied  from  a 
length  called  the  Standard  Yard.  ^0  matter  whether  the 
standards  we  employ  are  large  or  small,  they  have  been  taken 
from  these  standard  objects,  or  from  some  authorised  copy  of  them. 

The  same  statement  may  be  made  with  regard  to  all  the 
implements  used  in  measuring  according  to  the  metric  system. 
All  measurements  of  length  or  of  mass,  according  to  this  system, 
are  carried  on  by  objects,  which  have  been  compared,  either 
directly  or  indirectly,  with  the  standard  metre  or  the  standard 
kilogram.  It  is  unnecessary  to  state,  that  all  these  standard 
objects  are  most  carefully  preserved.  That  they  should  be  com- 
pletely free  from  danger  of  change  is  a  matter  most  seriously 
concerning  the  interests  of  everyone. 

Modes  of  Estimating  unknown  Quantities  by  Means  of 
THE  Standards  described. 

Distance. — There  is  very  little  to  be  described  in  the  pro- 
cess of  measuring  distance.  It  simply  consists  in  laying  one 
length  alongside  the  other,  and  judging  by  the  eyesight  (or  in 
some  cases  by  touch)  Avhether  two  lengths  are  equal.  If  the 
standard  length  is  smaller  than  that  to  be  measured,  it  is  "  laid 
off  "  as  many  times  as  need  be  along  the  length. 

Matter. — When  we  come  to  measure  a  quantity  of  matter, 
direct  comparison  is  not  possible.  We  can  neither  see  nor  feel 
directly  when  two  quantities  of  matter  are  equal ;  we  have  to 
use  an  instrument  to  tell  us.  The  most  accurate  and  most 
commonly  used  instrument  is  the  balance. 
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The  Balance. — The  balance  is  simple  enough  in  con- 
struction, but  the  explanation  of  its  action  is  not  very  easy. 
We  must  be  content,  for  the  present,  in  considering  it  as  a 
means  of  detecting  wheii  two  quantifies  of  matter  are  equally 
pulled  toivards  the  earth.  We  can  estimate  this  to  some  extent 
by  our  own  muscular  sense,  and  some  people  can  estimate  fairly 
accurately.  But  the  balance  enables  us  to  decide  this  point  with 
great  nicety.  The  instrument  is  constructed  in  such  a  manner 
that  the  two  2Jw/Zs  are  opposed  to  one  another,  and  that  when 
they  are  equal,  the  beam  of  the  balance  is  level  and  the  pointer 
stands  at  the  centre  of  the  scale.  We  have,  therefore,  to  arrange 
a  sufficient  number  of  weights  in  one  pan  of  the  balance  to 
exactly  counterpoise  the  body  to  be  weighed. 

We  may  describe  this  in  other  words.  We  may  say,  that 
we  find  out  the  qi;antity  of  matter,  in  terms  of  a  given  standard, 
by  making  up,  out  of  a  number  of  adjusted  standard  masses,  a 
total  mass  just  equal  to  that  which  we  wish  to  measure.  And 
we  judge  when  they  are  equal,  by  finding  out  from  the  balance, 
whether  they  are  equally  pulled  towards  the  earth.  At  a  later 
stage,  we  shall  have  to  give  our  attention  to  the  manner,  in  which 
that  pull  towards  the  earth  can  be  perceived  and  measured. 

Coincidence  of  Marks. — It  is  important  to  remember,  that 
direct  inspection  cannot  do  more  than  tell  us  if  things  are  equal 
or  unequal,  and  very  often  it  cannot  even  give  that  information. 
The  observation  of  equalitij  or  inequality  is  all  that  the  senses  can 
do  for  us.  As  a  rule,  this  observation  consists  in  finding  out 
by  using  one's  eyes,  Avhether  or  not  two  marks,  points  or  lines, 
coincide.  It  will  be  found  that  all  measurement  ultimately 
resolves  itself  into  the  question  whether  or  not  two  marks 
come  together. 

In  the  workshop,  it  is  more  common  to  appeal  to  the  sense 
of  touch,  rather  than  that  of  sight,  in  testing  coincidence.  A 
little  reflection  will  explain  the  reason.  The  result  is  more 
generally  accurate,  when  Ave  trust  to  touch  in  ascertaining  whether 
a  fitting  is  true,  though  the  })rinci])le  involved  is  the  same  as 
when  sight  is  used. 

In  measuring  length,  the  marks  limiting  the  length  are  made 
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to  coincide,  at  some  stage  or  other  in  the  process,  Avith  the  marks 
limiting  the  standard  length.  In  measuring  quantities  of  matter, 
we  are  obliged  to  watch  the  coincidence  of  the  pointer  of  our 
balance  with  certain  marks  on  the  scale  of  the  balance.  In  estimat- 
ing temperature,  it  is  necessary  to  see  the  mark  on  the  scale  of  the 
thermometer,  with  which  the  upper  surface  of  the  mercury  agrees. 
Most  measurements,  in  fact,  whether  complicated  or  simple, 
are  completed  when  two  points  are  observed  to  coincide,  and,  as  a 
rule,  the  process  begins  in  the  same  way.  Every  physical  property 
or  quantity  that  we  may  want  to  measure  is  made,  by  some 
contrivance  or  other,  to  show  itself  to  the  eyesight  or  touch. 
]Many  illustrations  of  this  will  be  found  as  we  go  on. 

Precautions  to  be  taken  in  Measuring  Length  and  Mass. 

Reality  of  Coincidence. — The  first  thing  to  make  sure  of, 
in  measuring  length,  is  to  see  distinctly  whether  two  lengths  are 
exactly  equal.  This  is  usually  done  by  noting  if  the  marks 
which  limit  them  do  exactly  coincide.  Error  frequently  occurs 
through  this  coincidence  being  imaginary  and  not  real.  The  eye 
must  be  so  placed  with  regard  to  the  marks  that  error  is  avoided. 
Marks,  too,  are  not  always  accurately  placed  on  the  standard, 
and  they  may  be  so  thick  themselves  as  to  be  a  considerable 
fraction  of  the  length  to  be  measured.  On  all  occasions,  also,  the 
marks  to  be  compared  should,  if  possible,  come  into  actual  contact. 

Indirect  Measurement. — Many  lengths  to  be  measured, 
however,  do  not  admit  of  direct  comparison  with  the  scale. 
In  these  cases,  some  arrangement  of  objects  must  be  made,  so  that 
the  distance  to  be  measured  is  transftrred,  so  to  speak,  to  a 
position  which  admits  of  measurement.  Indirect  observations  of 
this  kind  are  frequently  necessary  in  connection  with  areas  and 
volumes.  In  all  cases  of  indirect  measurement,  exceptional  care 
is  needed. 

Adaptability  of  Balance. — The  precautions  to  be  observed 

in  measuring  mass  are  confined,  as  a  rule,  to  the  proper  use  of  the 

balance.     It  is  the  balance  which  measures  for  us,  and  it  must 

be  used  in  a  proper  manner.     We  must  know,  for  example,  that 

3 
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two  equal  masses  agree  in  equally  affecting  the  halance.  This 
may  be  ascertained  by  obtaining  counterpoise  with  two  quantities, 
and  then  noticing  if  the  counterpoise  is  maintained  Avlicii  tlie 
masses  are  exchanged  in  the  pans. 

If  the  counterpoise  be  not  maintained  when  tliis  change  is 
made,  "we  may  still  get  accurate  results  from  the  balance,  by 
using  a  third  mass.  If,  for  example,  we  have  three  masses, 
A,  B,  and  C,  and  we  find  out,  that  B  and  C  Avhen  placed 
successively  in  the  same  pan  counterpoise  A,  then  we  may  be  svire 
that  B  and  G  are  equal  masses,  though  they  may  be  unequal  to' 
A.  In  fact  we  have  now  obtained  exactly  the  same  results  ivith 
B  as  ivith  C,  namely,  a  counterpoise  with  A,  under  precisely  the 
same  conditions.  This  manner  of  using  the  balance  is  always 
the  safest. 

There  should  be  no  need  to  state,  that  the  weights  which 
have  been  used  must  be  accuratelij  summed  iip,  and  yet  this  is 
frequently  not  done. 

iNfEANS    EjirLOYBD    IN    THE    MOKE    ACCURATE    MeasUREMEiVT 

OF  Length. 

In  order  to  measure  length  with  the  greatest  accuracy,  it  is 
necessary  to  adopt  some  device  for  rendering  small  distances 
more  conspicuous  or  more  easily  seen.  The  limit  of  accuracy, 
however,  is  not  always  dependent  on  the  immediate  visiljility 
of  two  marks,  though  this  is  usually  the  case.  There  are  various 
means  of  rendering  the  marks,  which  indicate  distances,  more 
easy  to  lie  seen,  and  chief  among  them  are  the  Vernier  and 
the  Screw.  But  the  sense  of  touch  is  a  frequent  guide  in 
determining  when  two  distances  coincide. 

The  Vernier. — -The  vernier  ^  is  a  sliding-scale  attached  to 
a  longer  scale,  and  there  is  a  certain  connection  between  the 
graduations  which  are  found  on  each  scale.  Suppose  it  is  in- 
tended to  render  tenths  of  the  divisions  on  the  large  scale  visible 

1  This  description  must  be  followed  with  tlie  aid  of  an  actual  vernier  or 
a  model  of  one.  If  the  student  be  not  supplied  with  the  instrument  itself 
or  some  substitute,  he  will  find  the  description  diilicult  to  understand. 
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or  roa(lal)le,  then  it  will  be  necessary  for  the  vernier  to  have  a 
distance  marked  on  it  equal  to  nine  divisions  of  the  large  scale, 
and  this  distance  must  be  divided  into  ten  equal  parts.  The  ten 
divisions  on  the  vernier  are  now  equal  to  nine  divisions  on  the 
scale,  and  it  is  clear  that  each  vernier  division  is  nine-tenths 
of  the  larger  divisions. 

Now,  if  the  vernier  is  fixed,  with  its  Jirst  mark  against  one 
division  of  the  scale,  it  is  obvious  that  the  last  division  of  the 
vernier  is  against  another  division  on  the  scale,  and  that  this 
division  is  the  ninth  from  the  first.  JSTow,  the  second  mark  on 
the  vernier  is  a  distance  one-tenth  of  a  scale-division  on  the 
nearer  side  of  the  second  division  of  the  scale ;  the  third  vernier 
division  is  two-tenths  nearer,  and  so  on ;  the  last  division  of  the 
vernier  is,  of  course,  a  lohole  division  in  arrear.  This  follows 
from  the  fact  that  the  ten  vernier  divisions  are  equal  to  nine 
scale-divisions. 

Now,  suppose  the  third  mark  on  the  vernier  is  made  to 
coincide  with  any  mark  on  the  scale,  then  a  space  of  three-tenths, 
or  '3,  of  a  scale-division  is  left  heticeen  the  first  mark  of  the 
vernier  and  the  mark  on  the  scale  next  before  it.  If  the  sixth 
mark  on  the  vernier  is  made  to  coincide  with  a  mark  on  the 
scale,  then  '6  of  a  scale-division  is  left,  between  the  first  mark, 
or  zero,  on  the  vernier,  and  the  mark  just  in  front  of  it  on  the 
scale. 

In  other  words,  we  ascertain,  what  fraction  of  a  scale-division 
is  indicated  by  the  first  mark  on  the  vernier,  by  looking  down 
the  vernier  scale,  and  finding  out  which  line  on  it  most  closely 
coincides  with  a  line  on  the  scale.  We  have  to  say  "  most  closely 
coincides,"  because  the  fraction  in  question  may  not  be  exactly 
a  tenth.  It  may  be  a  little  more  or  less,  by  a  distance  which  the 
vernier  does  not  permit  us  to  read. 

Precisely  the  same  method  is  adopted  for  reading  to 
twentieths  of  a  division  on  a  scale.  But  in  this  case  we  should 
need  twenty  equal  divisions  on  the  vernier  to  correspond  with 
nineteen  divisions  on  the  scale  ;  each  vernier  division  would  then 
be  one-twentieth  smaller  than  a  scale-division,  and  as  before,  all 
that   is   necessary,    in    order    to    ascertain    which    twentieth    the 
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fraction  is,  is  to  look  down  the  vernier  scale,  and  tind  out  which 
mark  most  closely  coincides  with  a  scale-division. 

In  using  the  vernier,  then,  the  advantage  lies  in  the  fact, 
that  it  is  easier  to  see  when  two  marks  come  together, 

or  when  they  most  closely  come  together,  than  it  is  to  estimate 
the  fraction  of  a  very  small  length  by  inspection.  We  may 
perhaps  describe  it  by  saying  that  the  vernier  enlarges  the 
fraction  in  a  certain  manner,  and  makes  it  more  visible. 

The  Screw. — Small  distances   can    be   measured    very    ac- 
curately by  means  of  screws,  and  the  screw  really  does  what  the' 
vernier  does,  although  they  are  very  much  unlike  one  another. 
It  enlarges  small  distances. 

The  axis  of  a  screw  moves  in  a  straight  line  when  the  head 
is  turned  round,  provided  it  be  firmly  held  by  some  substance. 
The  thread,  which  is  a  spiral  ridge  cut  upon  it,  renders  it 
impossible  for  the  screw  to  move  through  a  body,  unless  it  be 
turned  round,  and  the  circular  motion  given  to  the  screw  is 
converted  by  its  construction  into  a  movement,  backwards  or 
forwards,  in  a  straight  line. 

The  thread  of  a  well-constructed  screw,  such  as  would  be 
used  in  measurement,  is  carefully  cut,  so  that  the  distances 
between  any  two  of  the  coils  are  equal.  Now,  you  will  see  by 
inspection,  that  one  complete  turn  of  the  screw  must  cause  the 
screw,  as  a  whole,  to  travel  through  a  linear  distance,  equal  to 
the  distance  between  two  threads  measured  in  the  directioii  of 
its  axis,  and  this  is  what  is  known  as  the  pitch  of  the  screw. 
This  particular  distance  may  be  very  minute,  its  minuteness 
is  limited  only  by  the  closeness  with  which  the  thread  can 
be  cut.  On  screws  used  in  measurement,  this  is  very  close 
indeed. 

Again,  suppose  the  head  of  the  screw  be  made  very  large,  then, 
if  this  large  head  be  turned  round  once,  a  large  circle  is  described, 
while  a  very  small  linear  distance  is  traversed  by  the  end  of  the 
screw.  The  screw-head  is  made  large  enough  to  show  plain 
division  -  lines,  and  so  indicate  whether  the  screw  has  been 
turned  completely  round  or  only  partially,  and,  in  the  latter  case, 
what  fraction  of  a  turn  has  been  completed.     And  according  to 
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the  number  of  divisions  on  the  head  of  tlie  screAV,  so  will  Ijc  the 
smallness  of  the  fraction  of  a  turn  which  can  be  read.  This 
means  that  we  are  enabled  to  read  a  very  small  fraction  of  a 
very  small  distance. 

In  all  instruments  in  which  the  screw  mode  of  measurement 
is  used,  a  lateral  scale  is  used  in  order  to  facilitate  the  reading. 
The  number  of  complete  turns  which  have  been  given  to  the 
screw  is  easily  read  upon  it.  The  scale  has,  of  course,  been 
graduated  by  comparison  with  the  pitch  of  the  screw. 

Modes  of  Measuring  small  Quantities  of  Matter. 

A  mode  of  estimating  very  small  quantities  of  matter  ought 
to  be  given  here,  because  it  so  closely  resembles  in  principle 
the  means  of  obtaining  greater  accuracy  in  the  measurement  of 
lengths.  It  may  be  looked  on  as  a  process  of  sjjreading  out 
the  matter,  though  in  this  case  we  do  not  make  it  more  visible. 
It  depends  upon  the  fact,  that  when  we  dissolve  a  small  quantity 
of  matter  in  a  liquid,  that  portion  of  matter  is  evenly  distributed 
throughout  the  liquid.  Many  proofs  of  the  fact  could  be  given, 
but  they  need  not  be  described  here. 

Method  of  Solution. — One  gramme  of  common  salt  is  not 
a  large  quantity,  and  a  thousandth  part  of  it  is  a  very  small 
quantity.  It  would  be  difficult,  in  fact,  to  estimate  by  a  balance  a 
quantity  smaller  than  a  thousandth  of  a  gramme.  But  suppose 
we  take  a  gramme  of  common  salt,  and  dissolve  it  in  a  large 
quantity  of  water,  it  is  then  perfectly  easy  to  take  a  very  small 
fraction  of  that  water,  and  we  may  be  certain,  that  there  is  present 
in  it  a  mass  of  salt  much  smaller  than  could  be  estimated  by  the 
balance. 

This  process  of  estimating  a  quantity  of  matter,  by  the  use 
of  solutions,  is  very  widely  adopted  in  chemical  analysis.  It 
is  only  mentioned  here,  because  it  is  another  illustration  of  how 
accuracy  may  be  obtained,  by  distributing  the  matter  to  be 
measured  over  as  large  a  space  as  possible,  just  as,  in  measuring 
very  small  distances,  Ave  had  to  find  some  means  of  extending 
them. 
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Measurement  of  Surface  and  Volume. 

It  is  not  easy  to  describe  what  is  meant  by  an  area  or 
surface.  The  surface  of  a  body  is,  strictly  speaking,  its 
houndari/,  that  wliich  limits  it,  and  separates  it  from  the  rest 
of  space.  It  is  clear  that  it  no  more  belongs  to  the  hody,  upon 
■which  we  measure  it,  than  to  the  sjmce  around  the  body.  But  it 
is  also  clear,  that  we  cannot  observe  nor  measure  surface,  except 
upon  some  solid  or  liquid  body. 

Areas. — Quantity  of  surface  must  be  measured  by  means  of- 
a  standard  surface.  The  standard  or  unit  surface  is  called  a 
square  centimetre  in  the  metric  system.  In  the  English  system 
we  measure  by  square  feet,  square  yards,  or  square  miles,  accord- 
ing to  the  requirement.  In  the  metric  system,  larger  surfaces 
would  be  measured  by  square  metres  or  square  kilometres. 

The  square  centimetre  is  the  usual  standard  for  the 
laboratory.  It  is  a  surface  equal  to  that  of  a  square,  of  whicli 
each  side  is  one  centimetre  in  length.  It  must  not  be  supposcil, 
however,  that  a  square  centimetre  of  surface  is  necessarily  in  the 
shape  of  a  square.  It  may  be  of  any  shape,  and  yet  be  equal  to 
a  square  centimetre.  In  the  same  way,  a  larger  surface  is  spoken 
of  as  being  equal  to  so  many  square  centimetres,  though  it  may  bo 
of  any  shape  whatever. 

Surfaces  are  not  always  easy  to  measure;  they  are  sometimes 
so  irregular,  that  it  is  difficult  to  compare  them  with  the  standard 
area.  A  plane  surface,  which  is  alone  capable  of  direct 
measurement,  is  defined  by  Euclid  as  being  one  in  which,  any  two 
points  being  taken,  the  straight  line  between  them  lies  wholly 
within  the  surface ;  while  he  describes  a  surface  as  that  which 
has  length  and  breadth,  but  no  thickness,  and  states  that  the 
boundaries  of  surface  are  lines.  The  practical  test  of  a  plane 
surface  is  to  try,  if  it  fits,  and  touches  at  all  points,  against  a 
known  plane  surface ;  or,  what  answers  the  purpose  quite  as 
well,  ascertain  if  a  straight-edge,  when  placed  against  it  in  any 
position,  is  toucdied  at  all  points. 

Volumes. — Volume  is  the  quantity  of  space  enclosed  by  a 
real  or  imaginary  surface  or  surfaces,     In  measuring  volumes.  \vc 
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lu'fd  not  pay  any  attention  to  tlie  shape  of  a  body,  liodies  of 
very  ditferent  shapes  may  possess  the  same  vohime. 

Tlie  standard  or  luiit  of  voknne  in  the  metric  system  is  a 
\'(ilumc  equal  to  that  possessed  by  a  cube,  each  edge  of  which  is 
a  centimetre  long,  and  each  surface  of  which  is  a  square  centi- 
metre. On  the  cube,  there  are  six  such  surfaces,  and  twelve  such 
iMlges.     It  is  called  a  cubic  centimetre,  or  centimetre  cube. 

Volumes  may  also  be  measured  by  cubic  decimetres  or  cubic 
metres.  The  cubic  decimetre  is  also  called  a  litre.  English 
standards  are  the  cubic  inch,  foot,  or  yard.  Volumes  are  also 
ineasurcd  in  pints,  quarts,  or  gallons. 

Measurement  of  Time, 

Time  difficult  to  realise. — In  measuring  space  in  the 
form  of  k-ngth,  area,  or  volume,  and  likewise  in  measuring  matter, 
we  have  been  dealing  with  things  which  are  fixed  and  constant. 
\\\  forming  an  estimate  of  time,  we  are  entering  upon  a  new  order 
of  oliservation.  The  word  time  carries  with  it  a  sense  of  cliange. 
And  in  measuring  time,  we  are  measuring  change  in  a  certain 
manner,  and  treating  it  as  a  quantity.  But  in  order  to  do  so,  we 
stand  in  need  of  some  standard  change.  It  will  occur  to  most 
people  to  say,  that  the  standard  of  time  is  the  second,  but  a 
clear  understanding  of  the  manner  in  which  this  quantity  of  time 
is  fixed  upon,  is  difficult  to  acquire. 

The  main  difficulty,  in  understanding  time  as  a  quantity, 
arises  from  that  which  distinguishes  time  from  length  and  mass. 
It  does  not  remain  constant  and  unchanged  while  being  measured. 
The  measurement  cannot  he  repeated.  That  which  is  being 
measured  has  ceased  to  exist  as  soon  as  the  measurement  is  com- 
plete. Not  so  with  length  and  mass  ;  they  do  not  disappear,  but 
submit  themselves  to  repeated  {)l)servation  and  verification. 

Need  of  Standard  of  Time. — Now,  as  a  matter  of  fact, 
we  do  not,  strictly  speaking,  measure  time  itself;  wkat  we  do 
measure  is  ckange,  or  ratker  a  certain  aspect  of  ckange.  And  in 
order  to  do  so  we  employ  a  standard  change.  Tkis  is  all 
tliat  is  needed,  namely,  to  conqiare  a  given  ckange  witk  a  standard 
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change,  in  respect  of  that  which  we  call  time.     Wliat  time  really 
is,  does  not  so  much  concern  us  as  accuracy  in  measuring  it. 

Words  such  as  second,  hour,  day,  iceek,  year,  and  the  phrases 
length  of  time,  duration  of  time,  are  in  constant  use.  They  imply 
that  time  may  be  regarded  as  a  quantity,  which  may  be  measured 
as  other  quantities  have  been  measured ;  the  sole  difficulty  is  to 
fix  upon  the  means  of  measurement,  or  the  standard. 

The  Day. — The  first  recognition  of  time,  as  an  orderly  suc- 
cession in  events,  lies  in  the  perception  of  day  and  night  as 
alternating.  The  apparent  motion  of  the  sun  gives  rise  to  the. 
separation  of  day  from  night ;  and,  further,  the  height  to  which 
the  sun  appears  to  rise  in  the  sky  determines  the  season.  It 
reaches  its  highest  point  at  midday  in  summer,  while  in  the 
winter  the  elevation  is  considerably  lower  than  in  the  summer. 
At  night-time,  too,  the  apparent  movement  of  the  stars  gives  an 
indication  of  change,  and  enables  us  to  form  an  estimate  of  the 
lapse  of  time. 

Now,  by  a  process  of  counting,  extending  over  many  years,  we 
should  be  able  to  notice,  that  there  are  365  days  in  each  year, 
if  we  describe  by  the  Avord  day  the  whole  interval  from  midday 
to  midday,  that  is,  the  interval  covering  the  period  marked  both 
by  daylight  and  darkness.  But  by  still  more  extended  observa- 
tion and  comparison  with  records,  it  would  be  found  that  there  are 
365j  days.  A  year,  then,  does  not  contain  a  whole  number  of 
such  periods.  From  this  arises  the  necessity  of  giving  to  every 
fourth  year  an  additional  day.  Such  a  year  contains  366  days  ; 
it  is  called  Leap  Year. 

Observations  of  this  kind,  however,  are  far  too  lengthy  for  any 
one  person  to  carry  out.  Mankind  has  arrived  at  the  existing 
knowledge  of  these  facts  by  observations,  extending  not  only  over 
many  years,  but  over  many  generations,  and  they  represent  the 
labours  of  many  investigators. 

The  investigations  which  have  produced  this  result  have  also 
given  rise  to  the  knowledge,  now  familiar  and  common  to  every- 
one, that  the  change  of  day  and  night,  and  also  of  the  seasons, 
is  due  to  the  movements  of  the  earth.  It  was  for  a  long  time 
believed,  and  believed,  too,  by  the  wisest  men,  that  the  alternation 
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(if  day  and  iiiglit,  and  of  summer  and  winter,  was  due  to  the 
movement  of  the  sun  in  space.  The  sun,  and  the  stars  too,  were 
helieved  to  move  round  the  earth.  We  have,  nowadays,  many 
reasons  for  beheving  that  this  is  not  triio,  and  that  the  sun  and 
stars  are  comparatively  fixed. 

There  is,  in(h'ed,  little  difficult}'  in  proving  that  the  eartli 
turns  roimd,  or  rofate><,  and  not  only  does  it  rotate,  just  as  a  top 
may  rotate  or  spin,  it  also  moves  on,  while  it  spins.  It  might  he 
spinning  without  moving  its  position,  and  it  might  he  moving  its 
position  without  spinning,  but  we  are  forced  to  believe  that  it 
does  both.  It  moves  round  the  sun  continuously,  in  an  enormous 
elliptical  orbit,  and  the  completion  of  one  journey  round  this 
path,  or  orbit,  becomes  known  to  us  as  the  completion  of  a  year. 
One  complete  tiu-n  or  rotation  marks  itself  as  the  period  called  a 
day.  When  the  earth  has  once  turned  round,  a  day  has  elapsed. 
Two  successive  sunrises  form,  roughly  speaking,  the  limits  of  a 
single  rotation. 

Subdivisions  of  the  Day. — But  it  is  not  long  before  we 
recognise  that  the  period  we  call  a  day  must  be  subdivided.  We 
can  only  do  so  by  making  use  of  some  change,  which  can  be  made 
to  reipeat  itself  luithoiit  alteratmi.  In  past  times,  the  burning  of 
equal  lengths  of  a  candle  was  i;sed  to  mark  equal  intervals  of 
time.  The  fall  of  the  same  quantity  of  sand,  or  of  water,  through 
the  same  opening  Avas  similarly  employed.  But  these  methods 
were  soon  felt  to  be  too  cumbrous  to  serve  the  growing  want  of 
accuracy. 

The  Pendulum. — Tlic  change  upon  Avhich  we  now  depend 
absolutely  is  the  oscillation  of  a  2>6ndulum  or  sjvhig.  Most  of 
our  knowledge  of  time  is  gained  by  watching  the  oscillation  of  a 
pendulum.  And  this  arises  from  the  fact,  that  the  same  pen- 
dulum, under  the  same  conditions,  oscillates  in  the  same  time, 
that  is,  it  makes  each  of  its  movements,  to  and  fro,  in  the  same 
period  of  time.  We  possess  in  this  change,  namely,  the  move- 
ment of  a  pendulum,  a  source  of  information  which  is  of  the 
utmost  importance.  Our  coniidence  in  the  equality  of  its  period 
of  oscillation  is  based  upon  the  belief,  that  similar  events  under 
precisely  the  same  conditions  trill  rejwat  themselves  unchanged. 
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The  is(3clironism,  or  equality  of  time,  of  tlie  earth's  revolution, 
is  confirmed  hy  the  fact,  that  no  deviation  of  the  observed  times 
of  eclipses  from  the  times  calculated  on  this  assumption  has 
been  appreciable.  In  realitj',  this  coincidence  is  the  sole  direct 
proof  of  successive  revolutions  being  alike. 

The  Limits  op  Accuhacy  in  jNIeasurement. 

The  relation  of  a  given  r[\;antity  to  the  standard  employed  in  measuring 
it,  cannot  always  be  expressed  by  a  whole  number,  nor  can  it  always  be_^ 
expressed  as  a  whole  number  together  with  a  definite  fraction.  For 
example,  a  length  may  not  be  quite  equal  to  any  whole  number  of  centi- 
metres or  even  millimetres.  An  area  may  not  be  equivalent  to  any  definite 
number  of  square  inches,  or  any  recognised  fraction  of  a  square  inch,  and 
it  may  remain  incommensurable^  with  regard  to  any  of  the  usual 
standards. 

Now,  it  is  always  the  quantity,  said  to  be  lafl  over  (or  not  directly 
comparable  with  the  standard),  which  makes  the  strongest  demand  upon 
the  skill  of  the  observer  and  the  ingenuity  of  the  instrument-maker.  I'y 
special  means,  such  as  have  been  described,  this  remaining  portion  of  the 
standard  may  possibly  be  brought  within  the  range  of  measurement,  and  its 
actual  or  approximate  value  niay  then  be  expressed  ns  a  fraction  of  a  whole 
number. 

But  as  the  means  of  observation,  that  is,  the  accuracy  with  which  the 
coincidence  of  marks  (points  or  lines)  may  be  detected,  grow  more  and  more 
refined,  inequalities  may  appear  where  equivalence  has  been  assumed. 
With  the  most  perfect  graduation  of  the  implements  of  measurement,  and 
the  greatest  skill  in  their  use,  the  limit  of  accuracy  is  reached.  If  the 
marks,  denoting  the  boundaries  of  the  quantities  wdiich  are  being  compared 
in  the  process  of  measurement,  do  not  then  coincide,  and  imaginary 
coincidence  cannot  be  estimated,  the  results  of  the  process  can,  so  far,  only 
approximate  to  truth. 

On  the  other  hand,  it  may  be  mentioned,  that  the  degree  of  accuracy  to 
be  looked  for  will  vary  with  the  purpose  in  view,  as  well  as  with  the  means 
available.  It  will  be  observed,  too,  that  the  greatest  accuracy  is  reached  in 
measuring  length,  mas.«,  and  time,  quantities  which  are  simide  in  character 
and  directly  estimated  by  the  coincidence  of  two  points.  Areas  can  never  be 
estimated  with  as  great  precision  as  lengths,  inasmuch  as  coincidence  of  a 
whole  boundary  has  to  be  judged,  and  volumes  lend  themselves  still  less 
readily  to  accurate  measurement,  unless  indirect  methods  are  employed. 

More  complex  quantities,  needing  for  their   measurement  two  or  more 

^  IJnmeasurable. 
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operations,  arc  necessarily  expressed  by  nunurical  v^alues,  caleulatctl  from  the 
numerical  values  obtained  in  each  of  these  se^iarate  operations.  Chances  of 
error  in  the  results  are,  in  consequence,  frequently  incurred;  and,  in  addition, 
it  is  a  very  common  fault,  to  give  to  the  values  calculated  a  fictitious 
appearance  of  accuracy,  by  a  long  row  of  decimals  having  no  correspondence 
with  any  fact  of  oliservation. 

Summary. — Lengths  are  known  to  be  equal,  when  the  points, 
short  lines  or  small  surfaces,  by  which  they  are  limited,  can  all  be 
made  to  touch  at  the  same  time.     Straight  lines  are  understood. 

Plane  areas  are  only  known  to  be  equal,  when  the  linos 
enclosing  them  can  be  made  to  touch  at  all  points. 

Volumes  are  only  known  to  be  equal,  when  the  surface  or 
surfaces  enclosing  them  can  be  made  to  touch  at  all  points. 

Masses  are  known  to  be  equal,  when  they  produce  similar 
changes  in  the  same  body,  or  when  the  same  body  affects  them 
equally.  The  converse  of  these  statements  does  not  hold.  Masses, 
for  example,  ai'e  not  necessarily  unequal  because  they  act  differently. 

Equal  times  are  those  in  which  similar  changes  occur. 

Equal  masses  and  equal  times  alike  are  estimated  by  the 
coincidence  of  the  marks  or  soiinds  which  serve  to  denote  the 
extent  or  duration  of  a  change. 

The  measurement  of  every  kind  of  quantity  is  carried  on,  by 
first  determining,  in  the  manner  described,  what  are  equal  quan- 
tities, and  then  by  ascertaining  how  many  quantities  equal  to  a 
standard  are  equivalent  to  the  unknown  quantity. 

Examples  ix  the  Practice  of  Measurement. 

1.  Coincidence  of  terminal  boundaries  of  length  with  gradua- 
tion marks  of  scale  or  rule  to  be  verified. 

2.  Coincidence  of  surface  of  liquid  with  a  line  on  a  graduated 
vessel  denotes  a  volume  equal  to  that  bounded  by  the  vessel  and 
the  plane  passing  through  the  mark  in  question. 

3.  Similar  eff'ects  on  the  two  arms  of  a  balance,  or  on  a  spring, 
are  judged  by  the  coincidence  of  a  pointer  with  a  mark  on  a 
graduated  scale. 

4.  Equal  times  arc  judged  by  similar  movements  of  the  same 


44       MEASUREMENT  OF  SIMPLE  QUANTITIES 

pouduluiu  over  a  given  mark,  or  by  the  movement  of  a  pointer 
over  equal  distances  on  a  clock  face. 

5.  Bodies  are  in  the  same  thermal  state,  when  they  bring  the 
free  surface  of  the  mercury  in  a  thermometer  level  with  the  same 
mark  on  the  scale. 

6.  Bodies  are  in  the  same  electric  condition,  when  they  bring 
the  pointer  of  a  voltmeter  against  the  same  mark. 

EXERCISES. 

1.  Find  the  length  of  a  centimetre  in  decimal  parts  of  an  inch,  by 
ascertaining  the  value  of  10  centimetres  and  dividing  by  10. 

Check  your  result  by  tliat  obtained,  when  50  or  60  centimetres  are 
measured  against  a  yard-scale. 

Ascertain,  as  closely  as  possible,  the  number  of  millimetres  in  an  inch, 
and  note  the  greater  accuracy  obtainable,  when  the  number  of  millimetres 
in  10  inches  is  observed. 

2.  Measure  the  circumference  of  a  cylindrical  body,  by  finding  the  length 
of  a  piece  of  thread  which  will  just  encircle  it.  Then  extend  the  process, 
and  increase  the  accuracy  of  your  result,  by  winding  the  thread,  which  must 
be  prevented  from  overlapping,  several  times  round  the  cylinder,  dividing 
the  total  length  of  the  thread  by  ttie  total  number  of  coils  wrapped. 

This  method  is  equivalent  to  repeating  the  operation  of  measurement 
several  times,  and  calculating  the  mean  value. 

3.  Ascertain  the  diameter  of  a  cylinder  or  coin  by  means  of  the  calipers, 
or  by  placing  it  between  two  rectangular  blocks  placed  upright  on  a  scale. 
Repeat  the  experiment  on  a  sphere  with  the  aid  of  rough  calipers,  made 
by  fitting  sliding  brass  pointers  with  straight  edges  to  a  common  rule. 

Carry  out,  and  compare  with  the  last  experiment,  the  method  of  finding 
the  circumference  of  a  coin,  by  marking  it  with  a  spot  of  ink,  rolling  the 
coin  over  paper,  and  then  measuring  the  distance  between  the  two  ink- 
marks. 

4.  By  transferring  the  extremities  of  a  given  length  along  parallel  lines 
to  a  convenient  position,  find  the  distance  lietween  two  points  which  cannot 
be  directly  measured. 

Select  a  rectangular  block  of  wood,  mark  a  point  on  its  ujiper  and  also 
on  its  lower  surface,  and  ascertain  the  distance  between  them,  by  means  of 
lines  drawn  parallel  to  the  straight  edges  of  the  block  and  prolonged  upon  a 
piece  of  paper  placed  under  the  block.  The  marks  are  not  to  be  in  a  vertical 
line,  but  far  enough  away  from  the  ])erpendicular  to  require  the  exercise  of 
some  thought  in  overcoming  the  difiiculty.  It  will  then  be  noticed  that 
two  i)airs  of  parallel  lines  are  needed,  and  that  the  thickness  of  tlie  block 
must  1)0  taken  into  account.     For  this  purpose  the  block  maybe  moved,  and 
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the  measurement  taken  from  one  point  on  the  paper  to  an  upper  edge  of  the 
block  standing  directly  over  the  other  point  determined. 

5.  You  are  given  three  vessels,  holding  3,  4,  and  7  cubic  centimetres 
respectively.  Proceed  to  measure  out  5  cubic  centimetres  and  also  9  cubic 
centimetres  of  a  liquid. 

How  could  you  prepare  a  mass  weighing  7  units,  by  using  only  bodies 
of  weights  11,  15,  and  17  units  ? 

6.  Carefully  weigh  an  empty  beaker,  then,  again,  when  20  or  30  cubic 
centimetres  of  water  have  been  run  into  it  from  a  burette.  From  the 
increase  in  weight  calculate  the  value  of  a  single  cubic  centimetre  of 
water. 

Then,  on  the  necessary  assumption  that  each  culiic  centimetre  of  water 
has  the  same  mass,  ascertain  the  volume  of  a  given  quantity  of  water  by 
finding  its  ivehjht.  (Check  your  result  by  afterwards  measuring  the  water 
in  a  graduated  vesseL) 

As  a  further  exercise,  make  accurate  estimations  of  the  weights  of  unit 
volumes  of  other  liquids. 

7.  The  volume  of  a  body  can  be  estimated  by  the  quantity  of  water  it 
will  displace,  in  several  ways  : — • 

(1)  By  means  of  the  graduated  burette.— The  change  of  level  of  the 

water,  when  the  body  is  immersed  in  it,  directly  shows  the  re- 
quired volume. 

(2)  By  using  a  glass  tube  without  graduation  marks.— It  should  be  fitted 

with  an  indiarubber  tube  and  a  clip  for  delivery.  Partly  fill  with 
water  and  mark  in  some  way  its  level  (by  thread  or  a  mark  on 
gummed  paper).  Now  introduce  the  given  body,  and  allow  the 
water  to  run  into  a  graduated  vessel  until  the  original  level  is 
reached.  As  in  the  preceding  method,  the  excess  of  water  measures 
the  volume  of  the  given  body. 

(3)  By  use  of  the  balance.— Weigh  the  body  suspended  from  one  arm  of  a 

balance  first  in  the  air,  and  then  weigh  it  when  dipping  in  a  beaker 
of  water  and  partially  supported  by  the  water.  The  difference  of  the 
two  values  represents  the  mass  of  water  displaced,  and,  as  has  been 
already  shown,  the  volume  may  be  learnt  from  the  mass. 

(4)  By  using  Nicholson's  hydrometer. — This  jirocess  is  analogous  to  the 

last.  Place  the  body  in  the  top  pan,  and  add  weights,  until  the 
hydrometer  sinks  in  the  water  up  to  a  certain  mark.  Then  place 
the  body  in  the  lower  pan,  and  remove  weights,  until  the  same 
equilibrium  is  established.  The  weights  taken  off  represent  the 
mass  of  water  displaced,  or,  in  other  words,  the  volume  of  the 
given  body  indirectly. 
(5)  By  using  a  Jolly's  balance. — The  method  is  similar  to  that  of  the  pre- 
ceding experiment,  the  only  difference  being  that  the  volume  of 
the  water  dis[ilaced  is  gauged  liy  the  extension  of  a  spring. 
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For  rouyli  cxpeiinieuts,  a   length  of  tliin  elastic   may  replace  the 
delicate  spring  employed  in  a  good  instrument. 

8.  Measure  the  capacity  of  equal  lengths  of  glass  tubing,  of  burette 
tubing,  and  of  a  narrow  beaker,  by  ascertaining  the  length  of  column  given 
by  equal  volumes  of  water  in  each.  The  capacities  of  equal  lengths  are 
easily  calculable  from  these  results. 

Calculate  the  snrface  area  in  each  case. 

Notice,  that  with  a  smaller  surface  there  is  a  greater  chance  of  accuracy 
in  your  results. 

9.  Compare   the   distances   l>etwecn   the   ealibiation  -  marks   of  a  good 
thermometer,  with   the   graduation-marks   of  a  good  scale.     Inasmuch  as 
equal  increments  of  volume  are  supposed  to  be  shown  by  the  marks  on  the 
thermometer,  the  distances  between  them  should  not  be  equal,  unless  the 
bore  is  even. 

10.  Take  a  moderately  wide  tube  or  vessel  of  even  bore,  and  by  measuring 
the  changes  of  level  produced,  when  two  or  more  bodies  are  dropped  separately 
into  water  contained  therein,  ascertain  the  relative  volumes  of  the  bodies. 

Compare  your  results  with  those  obtained  by  using  the  balance.  AVrite 
out  a  list  of  the  possible  errors  in  each  method. 

11.  Knowing  that  7rr-  =  area  of  a  circle,  and  that  sectional  area  x  height 
=  volume  for  a  cylinder,  calculate  the  diameter  of  a  circular  tube  of  even 
boie,  40  centimetres  of  which  holds  210  culiic  centimetres. 

Calculate   in   a   similar  manner,    the   diameter  of  a   graduated  vessel, 

checking  your  results  by  actual  measurement.     (7r  =  3'14  about,  and  stands 

f      ..         .■       r  .T        ■  e  .     <^i       T        i.        •       length  of  circ. 

lor  the  ratio  oi  the  cu'cuniterence  to  the  diameter,  i.e.  -. — ==— ; — rr^. = 

length  ot  diaiii. 

3-14.) 

12.  Measure  the  surface  of  a  tabic  and  calculate  («)  tlic,  volume  of  a 
cul)e,  and  {b)  the  diameter  of  a  sphere  which  will  have  the  same  total 
surface.  A  cube  has  six  faces  of  equal  area,  and  the  surface  of  a  sphere 
is  calculated  from  4  7rr". 

13.  By  means  of  a  magnet  find  the  cardinal  ]ioints,  aud  ascertain  the 
exact  direction  in  which  a  bench  lies.  Draw  a  lilau  to  scale  showing  its 
position  with  regard  to  these  ])oints. 

14.  With  the  help  of  an  atlas,  find  the  direction  of  London,  San 
Francisco,  and  the  North  Pole  with  regard  to  the  bench. 

The  "  declination"  of  the  magnet  diminishes  in  England  at  the  rate  of 
about  7'  yearly.  When  will  it  point  to  true  North  ?  It  is  now  (1898)  16° 
29'  at  Greenwich. 

15.  Measure  the  height  of  a  body  from  the  ground,  and  by  looking  along 
a  straight  edge,  find  its  direction  in  a  horizontal  plane  with  regard  to  two 
fixed  points  in  the  room,  which  are  a  known  distance  apart. 

Then  remove  the  object,  and  from  a  calculation  based  on  the  measure- 
ments you  have  taken,  replace  it  in  its  oriaiual  position. 


EXERCISES  47 

Note  that  the  position  of  a  point  on  a  plane  surface  may  he  located  liy 
two  measurements  ;  to  fniJ  the  position  in  space,  a  tliiid  uieasuremeut,  iu 
another  plane,  not  parallel,  is  necessary. 

As  another  experiment,  on  tiie  estimation  of  a  position  by  indirect 
measurement,  estimate  the  position  of  the  centre  of  a  si)here  by  measure- 
ment of  its  diauietei-,  and  compare  the  result  with  that  obtained  by  using  a 
spheromeler. 

16.  Find  the  volume  of  a  solid  pyramid,  by  introducing  it  hito  a  gradu- 
ated tube  half-tilled  with  water,  or  by  any  other  of  the  methods  previously 
mentioned. 

Check  your  result  by  calculating  the  volume  fi-om  the  linear  dimensions 
of  the  body. 

Then  find  the  mass  of  the  body  in  grammes,  and  divide  this  nundjer  by 
the  number  of  units  of  volume.  The  number  thus  obtained  represents 
directly  the  density  of  the  body  as  compared  with  water.     Why  is  this  so  ? 

17.  Take  some  zinc  or  coi)per  foil.  Cut  out  a  piece,  the  exact  area  of 
Avhich  is  1  sq.  inch.  Weigh  it,  and  then  calculate  what  weight  of  foil  would 
cover  the  table  at  which  you  are  working. 

Calculate  the  weight  of  a  square  decimetre  of  the  foil. 
Find  its  volume  and,  from  the  weight  and  volume,  calculate  the  density 
of  the  metal. 

What  would  be  the  area  of  25  grammes  of  the  same  U>\\  i 

18.  Plot  on  squared  paper  the  relation  between  mass  and  volume,  in  the 
case  of  mercury,  iron,  copper,  and  alcohol.  Then  read  otf  from  it  the  volume 
of  26  "7  grammes  of  each  substance. 

Paper  ruled  in  squares  of  2  or  ')  millimetres  is  exceedingly  useful  for 
recording,  in  a  graphic  way,  the  results  of  a  series  of  experiments  involving 
two  connected  quantities. 

Suppose  that  you  wish  to  express  graphically  the  relation  between  the 
length  and  breadth  of  rectangles  of  equal  area.  Assume  the  distance  between 
the  squares  iu  the  horizontal  and  vertical  directions  to  represent  respectively 
1  centimetre  of  the  length  and  the  breadth  of  the  rectangles.  In  accord- 
ance with  this  agreement  mark  off,  on  two  lines  at  right  angles,  the  two 
linear  dimensions  of  various  rectangles  of  area  16  sq.  centimetres,  4x4, 
5x3-2,  6x2-6,  8x2,  12x1-3,  etc.,  which  you  obtain  by  arithmetical  ex- 
periments. Make  ciosses  at  the  appropriate  vertical  distance  over  each 
horizontal  mark.  It  will  then  be  seen  that  these  are  not  in  a  straight 
line,  but  by  bending  a  thin  lath  a  line  can  be  drawn  which  will  pass  through 
all  of  them.^ 

Suppose  that  the  lengtli  of  a  rectangle  of  area  16  sq.  centimetres  and 

1  This  curve,  known  in  geometry  as  a  hypcrlola,  has  many  important 
l>roperties.  With  these  we  are  not  so  much  concerned,  as  with  the  applica- 
tions of  the  'jrcqjhical  method  of  recording  observations. 
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breadth  2'3  ceiitimetres  be  require'!.  On  tlie  curve  previously  found,  make 
a  mark  in  Hue  -with  2-3  on  the  vertical  scale.  It  will  be  found  to  be 
almost  exactly  above  the  seventh  horizontal  square,  signifying  that  the 
required  length  is  about  7  centimetres. 

Note  tliat  squared  paper  not  only  permits  a  graphic  record  to  be  made, 
but  also  enables  calculations  relating  to  two  connected  quantities  to  be 
rapidly  performed. 

19.  Dissolve  -25  gram  salt  in  150  cubic  centimetres  of  water.  How- 
much  salt  will  there  be  in  30  cubic  centimetres  of  the  solution  ? 

Prove  that  you  are  correct  by  carefully  evaporating  down  thi.s  amount 
in  au  evaporating  dish  of  which  you  have  previously  ascertained  the  exact 
weight. 

20.  What  metliod  of  solution  will  enable  you  to  obtain  '0005  gram  of  a 
solid  ? 

21.  Attach  an  iron  ball,  of  about  1  lb.  weight,  to  a  string  of  1  metre 
length.  Count  the  number  of  oscillations  it  makes  in  a  minute.  Repeat 
this  three  times  and  take  the  mean  as  true  number.  Shorten  the  string 
by  10  centimetres  and  repeat  the  experiment.  Continue  this  till  you  reacli 
20  centimetres  length.  Then  draw  on  squared  paper  a  curve,  which  will 
show  at  once  the  number  of  oscillations  for  any  given  length  of  string. 

Note  that  in  estimating  the  length  of  a  pendulum,  care  nmst  be  taken 
to  measure  exactly  from  point  of  suspension  to  the  centre  of  the  ball. 
What  difference  would  it  make  if  the  ball  were  twice  as  heavy  ? 

Try  to  ascertain  the  relation  between  the  length  of  the  pendulum  and 
the  number  of  beats  per  second. 

22.  Make  a  water  clock,  another  kind  of  instrument  for  recording 
intervals  of  time,  which  you  may  compare  with  your  pendulum.  It  may 
be  conveniently  done  by  using  a  burette,  and  carefully  regulating  the  tap- 
opening  to  allow  the  escape  of  a  known  quantity  of  water  per  second.  It 
may  be  checked  by  a  metronome  beating  seconds.  Ascertain,  if  possible, 
whether  the  rate  of  flow  is  constant,  or  whether  it  is  more  rapid  wlien  the 
column  of  water  in  the  burette  is  longer. 

23.  Draw  a  circle,  and  in  it  place  the  hour-llgures  of  a  clock  in  their 
correct  positions.  Outside  this  draw  a  second  circle,  and  mark  oiT  on  it  the 
points  of  the  compass  and  degrees.  You  will  now  be  able  to  find  the  number 
of  degrees  which  correspond  to  intervals  of  time  on  the  clock.  Make  use 
of  this  to  ascertain  the  value  of  the  angles  which  the  hands  of  a  clock  make 
at  various  hours. 

24.  Construct  a  paper  vernier  to  read  accurately  with  an  inch-scale  to 
j^th  of  an  inch. 

25.  Construct  in  three  ways  a  scale  with  vernier,  reading  to  ,=Viii- ,  and 
in  the  two  ways  a  scale  and  vernier  reading  to  "2  of  a  millimetre. 

26.  Describe  by  the  aid  of  a  diagram  some  form  of  screw-gauge  wliich 
will  read  to  Jth  of  a   millimetre.      What  linear  distance   corresponds   to 
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73  divisions  on  the  head  of  a  serew-gauge,  the  pitcli  of  which  is  h  niilli- 
nietre,  and  the  number  of  divisions  on  the  head,  120  ? 

27.  Draw  a  square  with  a  side  of  24  centimetres  ;  divide  it  up  into  square 
inches  ;  find  out  how  many  square  centimetres  in  each  inch,  and  then 
write  down  the  total  area  in  square  inches  and  the  fraction  of  a  square  inch. 

28.  Draw  on  squared  paper  an  irregular  rectilineal  figure,  then  divide 
it  u[i  into  triangles,  and  ascertain  the  total  area  by  calculating  the  area 
of  each  triangle.  Correct  your  calculations  by  counting  the  numlicr  of 
s(juares  contained  in  it. 

29.  Draw  on  squared  paper  a  square,  a  triangle,  a  circle,  a  parallelogram, 
and  an  ellipse,  all  to  be  (as  nearly  as  possible)  of  equal  area.  Cut  out  in 
cardboard  figures  of  this  size  and  weigh  each.     What  result  do  you  obtain  ? 

30.  Given  100  cubic  centimetres  of  solution  of  density  1"5  ;  how  much 
water  must  be  added  to  bring  density  down  to  1*1  ? 

31.  By  making  use  of  a  taljle  of  densities,  find  the  volume  of  a  kilo- 
gramme of  mercury,  lead,  ice,  and  brass  ;  also  calculate  the  weight  of  a  cubic 
decimetre  of  each. 

32.  A  locomotive  driving-wheel  has  a  diameter  of  7  ft.  ;  how  many 
revolutions  does  it  make  in  10  miles  ?  The  wheel  of  a  cycle  makes  660 
revolutions  in  a  mile  ;  what  is  its  diameter  ? 

33.  Measure  the  pitcli  of  several  ordinary  screws.  Show  how  many  turns 
in  each  case  will  drive  the  screw  2  in.  into  a  piece  of  wood.  Test  your 
results  by  actually  turning  the  screws  to  that  depth  through  a  piece  of 
cardboard. 

34.  Make  a  rough  wheel-measurer,  by  fixing  a  wheel  with  a  graduated 
rim  on  a  screwed  axle,  so  that  as  the  wheel  rotates  it  goes  forward  along 
the  screw.  Utilise  this  instrument  for  measuring  the  outlines  of  various 
recnilar  and  irregular  figures,  also  t'ae  distances  between  various  objects  on 
the  table.  1 

3,5.  Prove  experimentally  (by  measurements  and  by  immersion  in  water) 
that  the  volume  of  a  cone  is  J  volume  of  a  cylinder  of  same  height  and 
base  ;  also  that  the  volume  of  a  sphere  is  equal  to  f  volume  of  a  cylinder 
circumscribing  the  sphere.  Wooden  models  for  this  purpose  are  easily 
}irocured. 

36.  The  following  exercises  are  of  importance  in  that  they  accustom  the 
student  to  compare,  by  repeated  experiment,  the  relations  existing  between 
linear,  superficial,  and  cubical  measure,  at  the  same  time  enabling  him  to 
contrast  the  English  and  metric  systems  of  measurement.  Models  of  suit- 
able sizes  and  of  any  material  are  easily  procured. 

You  are  provided  with  a  Cube. 

Measure  one  side  of  it  in  millimetres :    from   this  calculate   its   total 

1  A  simple  and  serviceable  modification  of  this  instrument  may  be  made 
by  fixing  a  circular  piece  of  cardboard  on  a  screw, 
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amount  of  surface  in  square  centimetres,  and  draw  a  figure  of  tills  size  on 
squared  paper  to  check  your  calculation. 

Calculate  what  the  surface  would  be  in  sijuare  inches  and  a  fraction  of 
a  square  inch,  and  prove  tbat  you  are  right,  by  measuring  the  cube  again 
with  a  foot-rule. 

Calculate  its  volume,  and  correct  your  answer  by  immersing  it  in  water 
in  a  graduated  vessel. 

Weigh  the  cube,  and  calculate  from  this  the  weight  of  1  cubic  centi- 
metre of  the  substance  of  which  it  is  composed.  Compare  your  answer 
with  the  known  density. 

If  the  cube  were  cut  up  into  thm  sheets,  1  millimetre  each  in  tlnck-_^ 
ness,  what  surface  would  it  cover  ? 

"What  would  be  the  diameter  of  a  sphere  equal  in  volume  to  the  cube  1 
You  are  given  a  Sphere. 

Find  the  circumference  of  the  s])here,  and  from  this  calculate  its  diameter. 
Find   tiie   diameter,   and    from   this   calculate    the   circumference,    and 
compare  the  results  with  answers  to  questions  above. 

Find  the  area  of  the  sphere  roughly  in  square  centimetres,  by  fitting 
paper  over  a  quadrant,  and  draw  a  figure  of  this  area  on  squared  paper. 
What  is  the  area  of  a  circle  with  diameter  equal  to  that  of  the  sphere  ? 
Using  the  fornuila  f  irr^,  find  the  volume  of  the  sphere,  and  prove  that 
yoa  are  correct  by  finding  the  amount  of  water  it  displaces. 

Knowing  the  density  of  the  substance  of  which  the  sphere  is  made, 
calculate  its  weight  and  test  your  calculation  by  weighing. 

The  above  experiments  may  well  be  repeated  with  English  measures, 
which  can  be  reduced  to  metric  values  and  compared  with  the  results  alrca<ly 
obtained. 

It  is  advisable  to  continue  experiments  on  similar  lines  with  a  Prism, 
a  Pyramid,  a  Cylinder,  and  a  Cone,  in  order  that  the  various  ways  of 
calculating  areas  and  volumes  may  be  thoroughly  nuistcred. 

37.  If  the  time  taken  by  the  earth  to  rotate  through  360°  be  known  as 
24  Iiours,  what  will  be  the  time  at  Winnipeg  (about  100°  W.  long,  of 
Greenwich)  when  it  is  1  hr.  20  min.  p.m.  at  Singapore  (100°  E.  long.)  ? 

What  will  be  the  difference  of  time  between  the  true  North  Pole  and  the 
magnetic  North  Pole,  which  is  situated  (1897)  in  96°  41'  W.  long.? 

38.  The  longitude  of  any  place  is  ascertained  by  comparing  the  time 
there  with  true  Greenwich  tune  ;  the  latitude  is  found  out  by  taking  the 
altitude  of  the  Pole  Star,  which  (in  the  Northern  Hemisphere)  measures 
directly  the  distance  in  degrees  from  the  equator,  or  from  calculations 
based  upon  the  altitude  of  the  sun  at  noon. 

State  what  instruments  you  would  require  in  order  to  find  the  position 
of  a  ship  at  sea. 

Remember  a  good  chronometer  goes  on  continuously  marking  equal 
intervals  of  time,  while  the  highest  point  of  the  sun,  as  seen  from  a  ship, 
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will  be  readied  at  a  lime  of  day  which  depends  on  the  position  of  the  ship 
upon  the  earth's  sui-face.  In  other  words,  though  the  standard  for  measur- 
ing time  (the  change  by  which  all  other  changes  are  measured)  is  the 
uniform  rotation  of  the  earth,  and  the  same  fractions  of  that  standard 
interval  must  be  the  same  everywhere,  yet  the  moment  or  inciilent  called 
noon  is  wholly  a  matter  0^ j'osition  on  the  earth's  surface. 

Demonstration    of    these   points   Avith    the   aiil   of  models   is   strongly 
recomviicnded. 


CHAPTER    III 

THE   MEASUREMENT    OF   COMPOUND   QUANTITIES 

Bodies  each  possess  more  titan  one  qualitij,  and  more  than  one 
quantity,  like-wise,  can  he  exhibited  by  the  same  body,  and  measured 
ivith  respect  to  it. 

There  is  no  need  to  point  out  the  existence  of  several  pro- 
perties in  any  given  object.  Colour,  hardness,  texture  are 
among  the  several  coexisting  qualities  by  which  we  recognise  a 
body,  and  through  which  impressions  of  the  body  reach  lis  in 
a  group.  These  are  the  things  which  make  up  the  identity  of 
an  object. 

In  a  precisely  similar  manner,  impressions  which  are  measur- 
able may  be  jointly  received  from  the  same  body,  and  illustrations 
are  about  to  be  given.  It  may  be  stated  here,  that  both  qualities 
and  quantities  reach  us  through  our  senses,  without  the  aid  of 
which  no  knowledge  of  the  outer  world  could  be  gained.  Or, 
it  may  be  said,  that  qualities  and  quantities  are  alike  in  being 
im})ressions  made  upon  us,  through  the  mediation  of  the  sense- 
organs. 

Quantity,  strictly  speaking,  is  the  "  how  much  "  of  a  quality, 
though  a  quality  Avliich  can  be  measured  is  often  spoken  of  as 
quantity,  instead  of  using  the  longer  term  a  quantity  of  a  quality. 
Some  qualities  are  not  measurable,  but  this  is  due  to  our 
knowledge  of  them  being  incomplete. 

It  is  important  to  give  as  much  time  as  possible  to  trying  to 
understand  what  the  word  quantity  means,  for  the  word  will 
have  to  be  used,  again  and  again,  in  learning  Natural  Science. 
In  fact,  a  right  understanding  of  the  meaning  of  quantity  is  the 
foundation  of  all  accurate  knowledge.     And  when  the  significance 
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of  quantity  and  its  lueasurement  are  understood,  the  next  step 
to  be  taken  is  to  learn,  that  there  are  different  kinds  of  quantities, 
and  that  some  are  simple  while  others  are  complex.  We  have 
had  some  exercise  in  the  measurement  of  quantities  which  are 
simple,  for  example,  length,  mass,  and  time.  We  proceed  now 
to  deal  with  compound  quantities,  and  Ave  find,  that  quantities 
of  this  kind  are  made  iq^  of  sim];)le  ones. 

These  simpler  quantities  may  be  combined  together  in  various 
ways  to  produce  values  which  are  of  great  importance.  For 
instance,  density  is  a  value  derived  in  a  certain  way  from 
quantities  of  mass  and  volume.  Speed,  again,  is  a  compound 
quantity  derived  from  length  and  time. 

These  statements  are  not  perfectly  correct,  but  they  must 
stand  for  the  present.  Any  kind  of  appearance  or  fact  may  be 
looked  at  from  different  sides,  sometimes  from  many  sides.  So, 
too,  the  facts  which  we  are  attempting  to  measure  have  their 
diverse  aspects. 

Density. — Weigh  equal  volumes  of  water,  alcohol,  glycerine,  and 
benzene  in  a  graduated  vessel,  and  note  the  variation  in  the  weiglits. 

Whether  this  result  is  due  to  different  states  of  aggregation 
or  condensation  of  the  liquids,  the  particles  of  glycerine,  for 
example,  being  considered  more  closely  packed  together  than 
those  of  water,  1  and  the  latter  than  the  particles  of  spirit,  or 
whether  it  is  due  to  the  particles  themselves  being  heavier  or 
lighter,  we  have  no  means  at  present  of  deciding. 

Solids,  too,  exhibit  in  a  striking  degree  this  variation  in 
density.  AVood  and  paraffin  are  appreciably  lighter  than  water, 
and  float  upon  it,  while  glass,  iron,  brass,  and  lead  are  very  much 
heavier,  and  sink  immediately  when  plai'cd  in  it. 

Cut  some  wood,  paraihn,  and  lead  to  convenient  sliapes,  enahling  their 
volumes  to  be  roughly  calculated.  Weigh  the  bodies  on  a  balance.  Also 
measure  their  volumes  more  accurately,  by  noticing  the  quantit}'  of  water 
they  will  displace  in  a  graduated  vessel. 

^  It  is  noteworthy  that  the  densities  of  many  metals  are  increased  by 
hammering,  that  is  to  say,  their  particles  become  more  closely  packed 
together. 
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The  densities  of  bodies  may  be  defined  as  the  ratios  which 
represent  the  relative  quantities  of  viatter  in  equal  volumes.  The 
density  of  a  body  may,  therefore,  be  found  Lij  diciding  the 
numerical  value  of  the  weight  by  that  of  the  volume. 

If  we  compare  the  quantity  of  matter  in  a  given  body  with 
its  own  vohime  of  water  at  4"  C.  we  obtain  a  vahie  called  its 
specific  gravity.  Inasmuch  as  the  density  of  water  is  taken  as 
unity  (1  cubic  centimetre  contains  1  gram),  the  same  ratios  repre- 
sent densities  and  specific  gravities  in  the  metric  system. 


Fig.  1. — Apparatus  arranged  for  showing  loss  of  weight 
of  a  body  suspended  in  water. 


It  Avill  be  noted  that  density  and  specific  gravity  are  alike  in 
being  expressed  by  numbers,  but  they  are  numbers  which  repre- 
sent a  relation  or  ratio  between  two  other  numbers. 

It  is  not  difiicult  to  understand  that  a  liquid,  Avater,  for 
example,  may  act  as  a  partial  support,  and,  for  that  reason,  a 
body   immersed   in    a    li(pud    Avoidd    not    be    so    forcibly   pulled 
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towards  the  earth.     This  is  made  more  evident  by  the  following 
experiment : — 

Balance  a  beaker  of  water  in  one  pan  of  a  balance  (Fi,!^.  1).  Tlien 
immerse  in  it  a  body  attached  to  a  delicate  spring-balance,  supported  from 
a  retort-stand.  Add  ■weights  to  the  weight-pan  to  restore  equilibrium,  and 
note  that  they  exactly  equal  the  apparent  diminution  of  weight  in  the 
body,  as  shown  by  the  spring-balance.  What  the  suspended  body  loses,  as 
shown  by  the  spring,  is  felt  by  the  supporting  liquid,  and  indicated  on  the 
balance.     There  is  nothing  really  lost. 

In  using  Nicholson's  Hydrometer,  or  Jolly's  Balance, 

it     is     clear,     that     the    dift'erence    per-  .  . 

ceived  in  the  Aveight  has  something  to 
do  ivith  the  volume  of  the  icater  displaced. 
The  downward  pull  on  the  hydrometer, 
caiised  by  the  weight  of  the  body,  is  the 
same  whether  the  body  be  in  the  upper 
or  lower  pan,  but  in  the  latter  position 
the  body  displaces  a  volume  of  water 
erpial  to  its  own  volume.  This  portion 
may  be  supposed  to  rise  to  the  top,  and 
surround  the  upper  part  of  the  instru- 
ment, making  it  appear  lower  in  the  water 
(see  Fig.  2).  To  place  the  hydrometer 
in  the  same  position  as  before,  with 
regard  to  the  level  of  the  water,  weights, 
equal  to  the  mass  of  the  displaced  uriter, 
must  be  removed  from  the  upper  pan. 
The  hydrometer  then  rises  through  a 
certain  distance,  to  compensate  for  the 
disturbance    in    the    disposition    of    the 

water.  And  if  wc  know  the  mass  of  the  water  displaced,  we 
know  its  volume,  and,  therefore,  the  volume  also  of  the  body 
which  displaces  it. 

Position. — In  position  Ave  have  another  illustration  of  a 
complex  value.  Two  opjerations  of  measurement  at  least  are 
needed,  to  enable  us  to  denote  any  given  position.  It  Avill  be 
admitted  that  position  cannot  be  described,  unless  there  be  some 


(a) 
Fig.  2.— The  Hydrometer. 

a,  AA'ith  body  in  the  upper 
pan.  h,  With  body  in  the 
lower  pan.  c,AVitli  weights 
removed  from  tlie  upjier 
pan  in  order  to  place  the 
instrument  in  the  same 
position  with  regard  to 
the  level  of  the  water  as 
in  a. 

In  b  and  c  the  displaced 
water  is  iiulirati-'d  by 
shadini;'. 
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fixed  point  of  reference.  Direction,  too,  is  meaningless, 
except  it  be  described  in  connection  with  some  known  starting- 
point.  The  words  rigid  and  left,  top  and  hottom,  convey  no 
information,  nnless  they  are  used  with  reference  to  sometliing 
which  is  known  and  fixed. 

Now,  in  order  to  give  information  about  any  position,  three 
items  of  knowledge  are  requisite.  Firstly,  the  plane  must  be 
known ;  secondly,  the  direction  in  that  plane ;  and,  thirdly,  the 
distance  in  that  direction.  These  things  at  least  must  always 
be  part  of  our  knowledge,  a  direction  and  a  distance  in  a  known 
plane.  In  most  of  our  everyday  requirements,  the  plane  is 
always  the  same,  namely,  that  of  the  earth's  surface.  And  then, 
even  when  we  are  dealing  with  the  surface  of  the  earth,  and 
assuming  it  to  be  a  plane,  no  description  or  information  abont 
position  can  be  based  upon  less  than  tivo  values  obtained  by 
measurement.  Two  distances,  or  an  angle  and  a  distance  com- 
bined, taken  from  fixed  points  or  lines,  must  be  known. 

A  familiar  instance  of  description  of  position,  and  one  afford- 
ing an  illustration  of  the  simplest  method,  is  seen  in  the  use  of 
latitude  and  longitude  in  geography. 

The  words  north,  south,  east,  and  west  indicate  to  us  clearly 
enough  the  method  adopted  for  defining  position  on  the  earth's 
surface.  It  is  an  adaptation  of  the  simplest  process  which  can 
serve  for  that  definition,  that  in  which  two  lines  at  right  angles 
are  used.  The  meaning  of  these  words,  north,  south,  etc.,  with 
regard  to  two  such  lines  is  Avell  known.  But  in  reality  they 
refer  not  merely  to  points,  but  to  directions.  A  determination 
of  the  direction  in  which  the  real  north  lies  will  enable  the  right 
names  to  be  given  to  the  other  directions. 

A  system  of  lines  intersecting  at  right  angles  enables  us  to 
define  position  on  a  given  surface,  but  in  the  case  of  the  earth 
something  more  is  needed,  fur  our  names  of  direction  have,  at 
present,  nothing  fixed  but  their  relation  to  one  another.  They 
may  be  changed  as  a  whole,  and  are  fixed  only  Avith  regard  to 
the  paper  on  which  they  are  drawn.  ]!ut  some  fixed  point  is 
essential  in  defining  real  position. 

A  definite  object  in  London  might  bo  taken  as  the  point  of 
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reference.  But  there  happens  to  be  a  point  of  reference  which 
is  independent  of  human  location  and  of  national  history.  It  is 
based  upon  a  great  fact  of  nature,  the  rotation  of  the  earth. 
One  end  of  the  imaginary  axis  upon  which  the  earth  rotates 
is  called  the  north,  and  the  other  end  the  south.  These  points 
are  the  real  Xorth  and  South  Poles,  and  aJi  j/citJis  on  the  earth 
leading  to  them  are  said  to  point  North  and  South  respectively. 

It  is  clear  that  points  which  depend  upon  the  rotation  of  the 
earth  are  readily  referred  to,  assuming  the  manner  of  rotation  to 
remain  constant.  The  alternation  of  day  and  night,  as  a  residt 
of  periodic  exposure  of  a  given  surface  to  the  sun,  furnishes  one 
source  of  information.  In  our  own  latitudes,  the  sun  at  its 
highest  point  is  in  the  south.  South  of  the  tropics,  the  sun  at 
its  highest  is  in  the  north.  At  the  equator,  it  is  overhead. 
Again,  the  Pole  Star  at  night  tells  us  the  north,  the  axis  of  the 
earth  always  pointing  towards  it,  and,  in  consequence,  the  other 
stars  and  constellations  apparently  circle  round  the  Pole  Star. 

The  Mariner's  Compass,  that  is,  a  magnet  so  balanced  or 
suspended  that  it  moves  freely,  will  always  point  in  the  same 
direction,  if  no  iron  or  other  magnet  be  near  it,  and  this  direction 
is  towards  the  North  Magnetic  Pole  (that  is,  it  will  lie  in 
the  plane  including  the  two  magnetic  poles).  Now  the  position 
of  this  pole,  with  regard  to  the  real  north,  is  known  accurately, 
and  though  it  varies  year  by  year,  its  rate  of  variation  is  known. 
If  the  magnet  were  our  sole  guide,  it  would  not  be  an  accurate 
one,  but  the  real  north  being  fixed,  the  magnet,  with  its  known 
declination,  is  a  convenient  and  ready  guide  on  occasions  when 
elaborate  observations  could  not  be  carried  out. 

When  we  consider  the  surface  of  the  earth,  it  will  be  found 
that  two  difficulties  exist  in  practical  measurement,  which  are 
not  presented  by  a  small  plane  surface.  The  surface  of  the 
earth  is  spherical,  and  the  distances  involved  are  very  great. 
Measurement  from  two  lines  alone  would  lead  to  numerical  values 
inconveniently  great. 

Now  the  first  difficulty  may  be  removed  by  using,  as  our 
lines  of  reference,  two  circles  lying  at  right  angles  to  one  another. 
One  of  these  circles,  that  lying  in  a  plane  passing  through  north 
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and    south    is  the  meridian,   that   lying   east  and  west  is  the 
equator. 

The  second  ditficulty  is  obviated  by  using  a  series  of  circles 
passing  north  and  south,  instead  of  one  alone.  These  circles  are 
all  equidistant  at  the  equator,  and  they  all  intersect  at  the  North 
and  South  Poles.  These,  symmetrically  arranged,  are  depicted 
on  an  atlas  of  tlie  globe,  and  are  spoken  of  as  lines  of  longitude 
or  meridians.  They  are  numbered  east  and  Avest,  starting  from 
the  meridian  of  Greenwich. 

Adopting  a  similar  plan,  and  starting  from  the  equator,  Ave" 
have  a  number  of  equidistant  parallels  of  latitude,  always 
cutting  the  lines  of  longitude  at  right  angles.  Finally,  we  may 
say,  that  the  fixed  points  essential  to  geographical  measurement 
are  the  North  and  South  Poles,  which  are  fixed  by  the  manner  of 
the  earth's  rotation,  and  every  position  on  the  earth's  surface 
must  be  described  by  referring  to  these  points  directly  or 
indirectly. 

Graphic  Methods  of  Recording  Quantities.— In  just 

the  same  fashion  as  locality  is  defined,  by  its  distance  from  two 
known  lines  at  right  angles  to  one  another,  so  may  a  value, 
which  is  made  up  of  two  other  quantities,  be  recorded  l)y 
distances,  draAvn  to  scale,  from  two  lines  at  riglit  angles.  And 
there  is  no  method  of  record  more  convenient  than  this.  Each  of 
the  component  quantities  is  recorded  by  its  own  distance,  the 
relation  of  the  distance  to  the  quantity  being  regulated  in  accord- 
ance with  a  scale  agreed  upon.  For  example,  each  millimetre  of 
length  may  represent  a  unit  of  the  component  quantity  or,  it 
may  be,  an  inch  of  length  may  be  selected  for  the  piu'pose.  i>ut 
the  scale  once  determined,  the  ]30sition  of  a  given  point  on  such 
a  plan  stands  as  a  record  of  two  values,  and  it  represents  at  a 
glance  the  composition  of  the  quantity  in  question.  Moreover, 
two  or  more  such  points,  of  which  the  position  has  been  calculated, 
may  be  recorded  on  the  same  plan,  and  it  is  clear,  that  in  such 
case  a  direct  and  simple  mode  of  comparison  between  them 
becomes  possible.  And,  in  addition,  any  variation  in  the  factors, 
which  jointly  constitute  the  quantity,  may  be  made  evident. 

By    a  prosecution  of  this  mode   of  recording  observation,  a 
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valuable  aid  to  research  is  obtained  from  the  use  of  lines,  or, 
as  they  are  frequently  called,  curves,  Avhich  express  in  a  direct 
manner  the  variation  of  a  given  quantity,  or  of  a  given 
state,  in  accordance  Avith  a  known  change  of  conditions.  Upon 
certain  changes  in  the  conditions  or  circumstances  of  a  body, 
certain  of  its  properties  may  undergo  change. 

It  may  be  desirable  to  learn  the  exact  manner  in  which  one 
quantity  varies  with  another  connected  quantity.  The  law  of 
that  connection,  in  fact,  may  be  under  investigation.  A  diagram, 
based  upon  a  scheme  of  measurement  of  this  nature,  affords  the 
best  and  the  quickest  means  of  conveying  the  results  of  that 
research.  It  constitutes  what  is  called  a  graphic  record.  The 
curve  exhibited  expresses  the  constant  relation  between  the 
quantities  under  observation.  Time  and  space  are  economised, 
by  using  a  series  of  positions  on  a  diagram  in  the  place  of  tables 
of  numbers.  Illustrations  of  graphic  records  will  be  given  here- 
after as  opportunity  offers. 

Speed. — There  may  not  appear  to  be  any  resemblance 
between  the  two  values  known  as  speed  and  position,  yet  a 
resendilance  can  be  found  in  the  fact  that  they  are  both  made  up 
of  two  distinct  magnitudes.  Density  is  a  number  or  ratio,  which 
can  only  be  obtained  after  making  a  measurement  both  of  the 
total  mass  and  the  total  volume  of  a  body,  and  speed  is  like- 
wise a  number  or  ratio,  which  cannot  be  fixed  upon  till  two 
values  have  been  ascertained,  first,  the  distance  through  which 
a  body  has  moved,  and,  second,  the  time  occupied  in  the 
motion. 

If  a  speed  be  uniform,  these  quantities  may  be  measured 
over  any  portion  of  the  path  traversed  by  the  body,  or  at  any 
stage  in  its  progress.  But  if  a  body  move  irregularly,  it  is 
necessary  to  ascertain  the  distances  passed  over  in  a  large  number 
of  small  intervals  of  time,  in  order  to  gain  accurate  information 
as  to  the  speed.  Either  an  civerage  rate  of  displacement  is 
derived  from  an  average  of  the  values  so  obtained,  or  separate 
statements  must  be  made  concerning  the  magnitudes  at  various 
points  of  time.  And  a  statement  of  this  kind  can  only  be 
approximately  true,  for  the  speed  which  is  quoted  for  a  given 
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interval  assumes  that  the  vahie  does  not  change  during  that 
time,  or  at  least  maintains  an  average  of  that  value.  But  as  a 
matter  of  fact  the  speed  at  a  given  point  of  time  may  be  a  very 
transitory  state.  It  may  last  only  for  a  very  small  fraction  of 
time. 

Illustrations  of  other  Quantities. — The  question  lioio 
much  may  he  put  to  many  things.  Indeed  it  is  difficult  to 
mention  things  to  which  it  does  not  apply,  and  there  is  little 
work  in  Physics  which  is  not  made  up  almost  wholly  of  measur- 
ing quantities  of  some  kind  or  other.  Part  of  the  work,  how" 
ever,  consists  in  disUnguishing  various  kinds  of  quantity  from 
one  another,  and  this  precedes  measurement. 

One  such  quantity  is  Heat.  Another  is  Electricity.  Both 
these  phenomena  are  very  difficult  to  understand,  though  they 
are  easy  to  measure.  It  is  easy  to  compare  one  quantity  of 
heat  with  another,  and  it  is  easy  enough  to  measure  electricity, 
although  Ave  may  remain  ignorant  of  what  constitutes  heat  in  the 
one  case,  and  electricity  in  the  other. 

Yet  in  order  to  gain  a  little  insight  into  the  subjects  which  are 
treated  in  Physics,  and  these  are,  in  the  main,  heat,  electricity, 
and  light,  it  is  advisable  to  be  content  for  the  present  with 
description  and  statement,  rather  than  attempt  to  make  a  distinct 
image  of  the  things  themselves.  The  real  factS,  for  which 
these  names  stand  as  symbols,  are  very  difficult  to  understand, 
although  Ave  may  be  familiar  Avith  some  of  the  features  which 
they  present  to  us,  and  in  spite  of  the  truth,  that  much  may 
be  learnt,  and  learnt  accurately,  about  the  effects  of  these  things. 
Indeed,  it  is  important  to  grasp  as  early  as  possible  the  main  lines 
upon  Avhich  physical  research  is  conducted,  and  for  that  reason 
Ave  repeat,  that  the  measurement  of  these  things  as  quantities 
is  the  chief  Avork  of  Physics.  They  are  to  be  recognised,  and 
dealt  Avith,  as  quantities,  long  before  it  is  possible  to  understand 
tlieir  real  nature. 

To  measure  heat,  it  is  necessary  to  have  a  standard  quantity. 
And  the  same  condition  holds  Avith  any  physical  measurement. 
If  a  quantity  of  water  be  halved,  then  the  two  equal  parts  con- 
tain equal  quantities  of  heat.     If  these  two  equal  quantities  of 
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the  same  kind  of  matter  be  now  changed  equally  with  regard  to 
their  thermal  state,  Ave  may  describe  the  event  as  due  to  equal 
quantities  of  heat  being  added  to  them.  If  the  equal  quantities  of 
water  be  placed  in  contact  with  the  same  sources  of  heat,  they 
will  each  receive  or  lose,  roughly  speaking,  equal  quantities  of 
heat  in  the  same  time. 

When  equal  quantities  of  the  same  matter  contain  equal 
quantities  of  heat,  they  impress  us  similarly  as  regards  the 
sensation  of  temperature.  AVhen  they  receive  equal  quantities 
of  heat,  they  are  similarly  changed  as  regards  that  same  sensation. 

And  this  sensation  is  the  sole  direct  means  of  obtaining 
information  about  what  is  knoAvn  as  heat.  Indirect  means  there 
are  in  numbers,  and  it  is  fortunate  for  our  knowledge  of  heat 
that  they  exist,  for  our  sensations  are  well  known  to  be  untrust- 
worthy, and  that  of  temperature  in  particular. 

A  familiar  illustration  of  this  untrustworthiness  of  the  sense 
of  temperature  occurs  when  the  hand  is  placed  successively  in 
hot  and  tepid  water.  The  tepid  water  in  that  case  impresses  us 
as  cold,  whereas  it  appears  warm  when  the  hand  is  first  dipped  in 
water  Avhicli  is  quite  cold.  The  direct  impression  gained  through 
the  sensory  nerves  depends  very  much  upon  the  impression  with 
which  it  is  compared.  The  previous  circumstances  greatly 
determine  the  results  which  are  to  follow ;  and  this  renders  the 
information  useless  for  scientific  purposes. 

But  there  is  an  instrument  called  the  thermometer,  to  lie 
more  fully  described  later,  upon  Avhich  impressions  are  made,  and 
Ave  may  safely  take  them  as  correct  indications  of  temperature. 
It  may  be  noted  here,  that  the  quantity  Ave  are  dealing  Avith  is 
heat,  but  all  that  Ave  are  learning  about  it  is  gained  from  states  of 
temperature. 

Change  of  Density  usually  shows  Change  of  Tem- 
perature.— As  the  temperature  of  a  body  changes,  or,  as  it 
may  be  described,  Avhen  the  quantity  of  heat  in  a  body  changes, 
it  usually  varies  in  volume.  The  quantity  of  matter  alAA^ays 
remains  unaltered,  but  the  size  of  the  body  may  vary.  This 
constitutes  an  alteration  in  density.  A  change  in  size  is  not  an 
invariable  effect  of  a  thermal  change,  but  it  is  mentioned,  because 
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it  is  the  effect  upon  which  all  practical  measurement  of  the 
quantity  known  as  heat  is  based.  The  use  of  the  thermometer 
is  founded  upon  this  fact,  and  without  the  thermometer  a  prompt 
and  direct  measurement  of  heat  would  not  be  possible. 

Weigh  a  piece  of  ice  in  a  beaker.  Allow  the  ice  to  melt  and  weigli  again. 
Its  mass  is  unaltered.  Any  number  of  similar  experiments  may  be  per- 
formed, witli  the  result  tliat  matter  will  be  found  invariable  in  quantity 
whether  hot  or  cold. 

Any  apparent  exceptions  to  this  statement  Avill  be  due  to  some^ 
partial  change  of  state,  and  the  consequent  inability  to  weigh  the 
matter  in  its  entirety.  If  a  liquid  partly  evaporates,  or  a  solid 
partly  sublimes,  when  heated,  the  portion  which  may  escape  from 
the  vessel  being  used,  frequently  escapes  our  observation.  liy  the 
use  of  a  closed  vessel  all  parts  of  the  body  would  be  retained,  and 
a  change  of  temperature  would  be  found  inoperative  Avith  regard 
to  quantity  of  matter.  And  the  same  may  be  said  of  every 
change  of  which  we  have  knowledge,  as  well  as  of  change 
of  temperature. 

But  size  does  change  as  a  rule — in  some  cases  only  slightly, 
in  others  more  rapidly. 

Fill  a  small  flask  up  to  the  neck  with  water,  mark  tlie  level,  and  place  it 
in  contact  with  a  hotter  body,  for  example,  a  gas  flame.  The  level  will 
change.  An  increase  in  volume  is  evident,  yet  both  the  vessel  and  its  con- 
tents grow  larger,  and  this  is  so  prominent  in  tlie  case  of  the  Avater  that  it 
outsteps  the  expansion  of  the  vessel.  The  change  of  level  represents  tlie 
expansion  of  the  water  in  excess  of  that  of  the  vessel  containing  it. 

Fit  a  glass  tube  of  narrow  bore  in  the  neck  of  a  flask  by  means  of  a  cork. 
Take  care  that  the  fitting  is  close.  When  this  is  done,  fill  the  flask  with 
some  coloured  solution  (potassium  permanganate,  for  example),  insert  the 
cork  and  tube,  so  that  the  coloured  liquid  appears  in  the  tube.  The  change  of 
level  due  to  a  change  of  temperature  is  now  exaggerated  and  made  plainer. 

A  modification  of  this  arrangement  provides  a  thermometer. 
This  instrument  consists  of  a  reservoir  of  mercury,  which  runs 
over  into  a  thin  thread  of  the  liquid  within  a  stem.  A  small 
change  of  temperature  is  promptly  marked  by  a  change  in  the 
length  of  this  capillary  overflow.  In  the  process  of  constructing 
the  instrument,  air  is  excluded,  so  that  there  is  nothing  to  resist 
an  increase  in  the  volume  of  the  mercury. 
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All  instrument  of  tlii.s  kind  without  any  connection  Avitli  scales 
of  graduation  woiUd  be  of  use  in  informing  us  Avlien  temperatures 
are  alike  and  when  they  dilfer.  Placed  in  contact  with  two  bodies 
in  turn,  it  would  indicate  by  its  level  whether  they  are  in  the 
mine  thermal  state  or  not.     But  more  than  this  it  cannot  yet  tell  us. 

Tlie  measurement  of  quantity  of  heat  requires  other  things  to 
be  ol)servcd  and  considered.  The  facts  upon  wdiich  the  gradua- 
tion of  the  thermometer  is  based  require  first  to  be  discussed  at 
greater  length,  as  is  done  in  the  next  chapter.  But  at  present  we 
must  be  content  to  realise  that  there  are  other  quantities  than 
those  already  mentioned  to  be  measured,  and  that  their  measure- 
ment may  l)e  carried  out  Ijy  paying  attention  to  certain  changes 
which  come  under  our  observation.  The  measurement  of 
quantity  of  heat  is  based,  in  fact,  upon  another  measurement, 
that  of  volume.  Heat  is  never  directly  measured.  Our  informa- 
tion about  it  is  always  obtained  indirectly.  From  simple  observa- 
tions Ave  pass  to  those  Avhich  are  more  complex,  and  the  more 
exact  our  knoAvledge  of  simple  facts  and  elementary  measurements, 
the  better  equipped  are  Ave  for  more  advanced  Avoik. 

The  thermometer  enables  us  to  tell  Avith  great  accuracy  Avhen 
the  temperature  of  the  tAvo  bodies  is  the  same.  The  same  indi- 
cations on  that  instrument  are  certain  to  be  due  to  the  similar 
causes.  It  is  the  similarity  of  state  icith  regard  to  temperature 
Avhich  brings  the  level  of  the  mercury  to  the  same  point.  But 
more  than  this  cannot  be  stated  Avith  any  truth. 

Again,  it  is  important  to  recognise  that  the  same  temperature, 
as  marked  by  the  thermometer,  gives  us  very  little  information  as 
regards  the  quantity  of  heat.  The  thermometer  itself  tells  us  only 
of  thermal  states,  i.e.,  of  temperature.  But  the  quantity  of  heat 
contained  in  the  body  Avill  depend  upon  the  quantity  of  matter. 
Or,  taking  another  view,  Ave  may  say  that  the  quantity  of  heat 
needed  to  bring  about  the  same  change  of  temperature  in  tAvo 
bodies  tvill  depend  upon  their  relative  masses.  It  takes  a  lar^-e 
quantity  of  Avater.  longer  iii  coming  to  the  boiling-point  than  a 
small  one,  and  it  is  evident  on  all  occasions  that  the  quantity 
of  matter,  Avliich  is  changed,  must  be  taken  into  account  in  all 
thermal  events. 
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More  than  this  may  be  said.  The  kind  of  matter  as  well  as 
the  quantity  affects  the  results.  The  same  change  of  tempera- 
ture in  equal  quantities  of  different  substances  is  not  at  all  the 
same  thing.  The  more  rapid  changes  of  temperature,  whether  of 
rising  or  falling,  apparent  in  metals  as  compared  with  other  bodies, 
give  an  indication  of  this  fact. 

Though  temperature,  as  a  state  of  matter,  does  not  impress  us 
as  a  quantity,  and  it  is  difficult  to  imderstand  how  it  can  be 
measured,  ilie  connection  with  matter,  or  the  cnmhination  of  the 
two  things,  a  date  and  a  mass,  gives  us  at  once  the  important* 
reality,  a  quantity  of  heat,  and  upon  the  accurate  measurement 
of  this  complex  quantity  much  depends. 

The  bafance  enabfes  iis  to  decide  when  two  quantities  of  matter  are  equal, 
anr],  by  using  the  tlierniometer,  we  are  able  to  perceive  wlien  two  bodies  are 
at  the  same  temperature.  It  is  advisable  to  consider  tliese  two  operations 
together,  and  to  satisfy  oneself  that  tliey  are  similar  exercises  of  the  judg- 
ment. At  the  same  time  it  must  not  be  forgotten,  that  tliougli  the  grounds 
for  decision  are  alike  in  each  case,  there  is  a  fundamental  difference  between 
the  two  kinds  of  equality. 

Two  quantities  of  matter  whicli  jiroduce  the  same  effect,  and  are  there- 
fore equal,  can  be  added  together,  and  made  to  produce  double  the  effect  of 
one,  a  fact  upon  which  the  comparison  of  different  quantities  of  matter 
is  based.  But  there  is  no  such  addition  of  similar  states  of  temperature 
possible,  unless  other  things  are  also  taken  into  account. 

There  is  nothing  gained  by  adding  temperature  values  together,  irrespec- 
tive of  other  circumstances.  We  cannot  say  that  one  temperature  is  double 
or  treble  another,  as  we  can  in  speaking  of  masses.  As  a  matter  of  fact, 
temperature  is  a  rate  rather  than  a  quantify. 

EXERCISES  AND  QUESTIONS. 

1.  Find  the  density  of  the  glass  in  a  glass  stopper  in  six  dilferent  ways, 
by  using— 

(1)  a  balance  and  a  graduated  tube, 

(2)  a  balance  and  an  ungraduated  bui'ette, 

(3)  the  balance  alone, 

(4)  the  hydrometer, 

(5)  Jolly's  balance, 

(6)  arithmetical  calculations  and  a  Ijalance. 

Make  your  results  as  accurate  as  possible,  by  taking  the  mean  of  two  or 
three  observations  in  each  case,  and  finally  compare  them  with  the  real 
specific  gravity,  as  found  by  careful  observers  and  recorded  in  tables. 
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2.  The  atniosplieric  pressure  will  usually  support  a  column  of  mercury 
(density  13"6)  76  centimetres  higli.  How  liigli  will  be  the  column  of 
glycerine  of  density  1  "2G  it  can  support  ? 

3.  Take  two  tubes  connected  at  the  top  by  indiarubber  tubing  with  a 
T-shaped  tube  and  draw  up  columns  of  two  ditferent  liquids  from  separate 
vessels.  The  columns  may  be  retained  in  position  by  employing  a  third 
piece  of  rubber  tubing  and  a  clip.  Their  densities  will  be  inversely  as  the 
true  heights  of  the  columns. 

Compare  the  densities  of  the  two  liquids  by  means  of  the  balance,  weighing 
equal  volumes  of  each  liquid. 

4.  You  are  given  the  specific  gravities  of  paraflln  and  of  lead.  Jlake 
observations  and  calculations  in  order  to  ascertain  the  quantity  of  the  metal 
embedded  in  a  given  piece  of  wax. 

5.  Instead  of  using  the  s})herometer  in  the  ordinary  way,  make  use  of  it 
to  measure  the  length  of  a  line.  This  is  done  by  rolling  the  wheel  along  the 
line,  and  as  the  diameter  of  the  wheel  and  the  pitch  of  the  axle-screw  are 
easily  ascertained,  any  number  of  different  measurements  may  be  taken. 

6.  Find  the  volume  of  a  cube  which  shall  have  a  surface  equal  to  that  of 
the  bench  top.  If  the  material  of  the  cube  have  a  density  of  11,  what  will 
it  weigh  ? 

7.  How  is  it  that  the  same  numerical  value  expresses  both  the  loss  of 
weight,  apparent  when  a  body  is  weighed  in  water,  and  the  volume  of  the 
body,  provided  the  density  of  water  be  taken  as  1  ? 

8.  Find  the  diameter  of  a  piece  of  fine  tubing  {e.ff.  thermometer  tubing) 
by  inserting  some  mercury,  measuring  the  length  of  the  column  and  weigh- 
in  cf  the  mercury  when  removed.  Calculate  from  the  known  density  of 
mercury  and  the  dimensions  of  a  circular  cylinder. 

9.  Measure  the  ratio  of  the  metre  to  the  yard  by  using  inch  and  centi- 
metre screw-gauges,  and  also  by  the  spherometer.  Take  any  given  distance, 
such  as  the  thickness  of  a  disc,  by  each  kind  of  instrument,  and  calculate 
from  the  results  the  required  ratio. 

10.  Compare  accurately  the  colour,  hardness  (scratch  with  knife),  texture, 
and  mass  of  equal  sized  pieces  of  cop[)er,  aluminium,  wood,  glass,  steel,  lead, 
etc.,  and  draw  up  a  table  in  which  the  comparisons  may  be  read  off  at  once. 
(Suital)le  lilocks  are  made  for  this  purpose,  and  can  be  easily  obtained  from 
any  well-known  firm.) 

11.  Explain  clearly  what  you  understand  by  the  terms  "simple  quantity," 
"  com})Ound  quantity,"  and  illustrate  your  answer  by  giving  several  examples 
of  each. 

12.  In  order  to  describe  exactly  the  position  of  any  object  in  space,  what 
items  of  knowledge  are  requisite  ? 

Mark  a  spot  on  the  bench  at  which  you  are  working,  and  then  accurately 
define  its  position  in  the  room. 

13.  Find  the  magnetic  N.  by  using  a  small  compass,  and  draw  a  plan  of 
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the  room  you  are  working  in,  indicating  its  correct  position  with  regard  to 
the  points  of  the  compass. 

14.  Draw  in  your  book  an  irregular  figure  with  many  sides,  each  of  wliich 
is  a  straight  line.  Assuming  the  top  of  the  page  to  be  N.,  describe  exactly 
the  direction  in  which  each  side  of  the  figure  lies. 

15.  Explain  as  well  as  you  are  able  the  difference  between  "  quantity  of 
heat"  and  "temperature." 

How  is  it  that  a  test-tnbe  of  boiling-water,  which  is  apparently  very  liot 
to  the  touch,  yet  contains  a  smaller  quantity  of  heat  than  a  tank  full  of 
water  apparently  cold  to  the  touch. 

16.  Conduct  a  series  of  experiments  to  show  tliat  the  density  of  water 
varies  with  its  temperature.  Commence  wdth  ice-cold  water  and  take  the 
density  for  every  4°  diff'erence  up  to  about  30°  or  40°  C.  Explain  the  reason 
of  any  change  you  observe. 

Momentum. — The  quantity  of  matter,  or  the  mass,  of  a 
body  is  a  vahie  Avhich  is  easily  ascertained.  The  speed  with 
which  a  body  is  moving,  however,  is  not  as  a  rule  so  easily 
determined  as  mass— partly  because  it  is  a  complex  quantity,  the 
value  of  which  is  dependent  upon  the  measurement  of  two  other 
quantities,  themselves  more  elementary,  namely,  time  and  length ; 
and,  for  another  reason,  because  time,  which  is  one  of  the  com- 
ponent quantities  in  speed,  does  not  always  admit  of  very  accurate 
measurement.  An  event  of  which  time  forms  part  is  often 
difficult  to  delimit  and  measure.  Speed  is  the  rate  at  which  a 
body  moves  along  its  path.  Velocitij  is  the  rate  of  displacement, 
and  denotes  both  magnitude  and  direction. 

Momentum  is  the  name  given  to  a  quantity  which  is  still 
more  complex  than  those  already  described,  for  it  is  obtained  by 
taking  a  quantity,  velocity,  together  with  the  quantity  of  matter 
inidergoing  motion,  into  our  consideration.  And  as  momentum 
is  a  quantity  into  which  both  velocity  and  mass  enter,  a  quantity,  in 
fact,  made  up  of  two  others,  then  the  numerical  value  of  momentum 
on  any  occasion  is  obtained,  by  multiplying  the  numerical  value 
of  the  mass  by  that  of  velocity.  Why  it  is  necessary  and  con- 
venient to  gain  a  conception  of  such  a  quantity  as  momentum,  will 
be  seen  in  what  follows.  The  measurement  of  momentum,  when 
once  what  is  being  measured  is  rightly  understood,  forms  an 
important  step  towards  a  wider  knowledge  of  many  occurrences  in 
nature, 
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The  description  of  the  value  of  momentum,  as  derived  from 
tlie  product  of  the  number  of  units  of  velocity  and  of  mass,  gives 
us  an  opportunity  of  regarding  that  quantity  from  several  points 
of  view.     When  we  realise  that — 

Momentum  =  mass  x  velocity, 
or,  to  be  more  accurate,  that  the  numerical  value  of  momentum  is 
the  product  of  the  numerical  values  of  mass  and  velocity,  it  is 
evident  that  the  following  statements  are  true. 

1.  The  unit  of  momentum  exists,  when  a  unit  of  mass  is 
moving  at  the  unit  velocity. 

2.  A  given  quantity  of  momentum  may  exist  under  very 
different  shapes.  It  may  occur  when  a  large  quantity  of  matter 
moves  slowly,  or  when  a  small  quantity  moves  rapidly. 

3.  Matter  in  motion  has  a  measurable  value  called  momentum, 
and  the  same  value  may  be  given  in  an  indefinite  variety  of 
ways. 

Electricity  as  a  Quantity. — An  obstacle  to  the  investiga- 
tion of  electricity  as  a  quantity  lies  in  the  difficulty  of  isolating  it. 
It  is  difficult  enough  to  prevent  heat  from  passing  away  to  neigh- 
bouring bodies,  but  the  task  is  still  greater  in  the  case  of 
electricity.  A  hot  body  may  be  touched  by  another  without 
undergoing  any  appreciable  change,  but  even  momentary  contact 
of  certain  bodies  with  one  charged  with  electricity  is  enough 
to  seriously  disturb  its  electrical  state  and  alter  the  electrical 
value. 

When  certain  bodies  are  rul)bed  together  and  then  separated, 
the  space  between  them  exhibits  a  new  property.  Small  bodies 
in  the  neighbourhood  of  either  of  the  rubbed  bodies  may  be 
shown,  by  suitable  contrivances,  to  be  in  a  state  of  constraint. 
This  is  most  readily  perceived  by  their  movements.  Within  the 
region  surrounding  the  bodies,  which  are  now  said  to  be  electrified, 
the  space  is  in  a  certain  strained  condition,  and  is  described  as  the 
electric  field.  Sealing-wax,  amber,  ebonite,  and  resinous  bodies 
generally,  when  rubbed  Avith  silk,  flannel,  fur,  etc.,  readily  exhibit 
this  phenomenon.  By  adopting  special  precautions,  most  bodies, 
when  rubbed  together,  may  be  electrified  to  some  extent. 

But  electric  phenomena  may  be  produced  by  other  methods. 
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Place  two  strips  of  copper  and  zinc  in  very  diluted  sulphuric  acid. 
Connect  them  hy  means  of  a  wire  with  any  sensitive  form  of  electrometer. 
A  movement  indicating  constraint,  due  to  electrification,  will  be  observed. 

By  substituting  for  tlie  electrometer  a  coil  of  wire,  within  which 
a  magnet  is  suspended,  a  far  more  marked  indication  of  elec- 
tricity is  obtained.  A  magnet  is  readily  turned  by  electricity  in 
this  state,  or,  as  it  is  called,  a  current  of  electricity,  and  the 
instrument  showing  the  presence  of  such  a  current  is  called 
a  galvanometer.  All  these  effects,  whether  magnetio. 
or  electric,  may  be  measured  and  compared  Avith  one  another. 
There  is  to  be  perceived,  in  all  of  them,  the  quality  of  more  or  less, 
the  sense  of  magnitude  or  quantity. 

By  observation  of  the  movement  of  a  magnet  in  the  galvano- 
meter, and  by  consideration  of  the  principles  upon  which  this  is 
constructed,  diiferent  electric  currents  may  be  compared  with  one 
another  as  regards  magnitude.  Here  we  come  into  touch  with  a 
new  quantity  which  has  to  be  measured,  and  quantity  of  electricity 
may  be  compared  with  quantity  of  heat.  They  each  have  their 
special  instrument  of  measurement,  the  one  the  thermometer,  the 
other  the  galvanometer,  but,  in  each  case,  the  further  discussion 
of  their  use  and  construction  must  be  postponed,  as  a  lengthy 
treatment  is  necessary. 

It  would  be  easy  to  give  a  description  of  many  interesting 
fa^ts  about  electricity,  even  at  this  stage,  but  disconnected  scraps 
of  information  do  not  necessarily  add  to  our  comprehension  of 
nature.  It  is  wiser  to  acquire  our  information  in  accordance 
with  a  definite  and  progressive  scheme,  for  then  we  shall  be  able 
to  lay  hold  of  a  certain  number  of  the  more  fundamental  facts 
which  underlie  an  endless  number  of  instances.  Much  of  the 
diversity  which  is  apparent  in  the  multitude  of  experiments 
capable  of  being  performed,  most  of  the  unexpected  things  which 
occur,  may,  indeed,  be  reduced  by  adequate  reflection  to  the 
operation  of  a  few  general  principles.  Many  appearances  are 
presented  by  a  single  agent,  and  differences  are  often  superficial. 

Further  illustrations  of  these  statements  will  be  aflbrded, 
when  we  come  to  deal  with  the  phenomena  of  magnetism.  The 
polarity  of  a  magnet,  that  is,  the  fact  of  contrary  stresses  being 
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exhibited  at  the  two  ends,  as  exhibited  in  the  mutual  action  of 
two  magnets — the  direction  in  which  the  magnetic  stress  acts,  as 
shown  by  the  disposition  of  iron  fihngs  in  its  neighbourhood — 
and  various  other  properties  of  the  magnet  are  easily  demonstrated. 
But  if  undertaken  prematurely,  they  Avill  be  observed  unintelli- 
gently,  whereas  it  is  easy  to  study  them  methodically  and  to  learn 
that  magnetic  phenomena  are  definUely  allied  icitli  those  tcliich  are 
electrical.  And  already  it  has  been  shown  that  electricity  in 
motion  has  a  prompt  action  upon  a  magnet.  The  first  step  to  be 
taken  will  be  to  learn  how  to  measure  loth  electricity  and  mag- 
netism, and  then  to  learn  the  nature  of  their  action  on  one  another. 

In  the  case  of  light,  likewise,  it  is  more  important  to  learn 
something  of  the  reality  which  is  underneath  the  various  optical 
effects,  rather  than  to  deal  with  the  effects  at  first  hand,  however 
attractive  that  course  may  appear  to  be.  The  attractiveness  is 
soon  exhausted  and  the  student  is  left  with  little  real  knowdedge. 

Moreover,  all  the  various  properties  which  have  entered  into 
our  discussion  may  he  exhibited  hy  the  same  body  and  at  the  same 
time.  For  some  purposes  it  may  not  be  necessary  to  pay  attention 
to  more  than  one  of  them.  The  inquiry  we  have  to  make  may 
concern  one  f|uantity  alone.  On  the  other  hand,  we  may  need 
information  about  two  or  even  more  quantities  of  the  kind  already 
described,  though  the  information  is  not  always  easy  to  obtain. 
In  later  chapters,  too,  it  will  be  shown  that  great  attention  has  to 
be  paid  to  the  rate  at  which  individual  quantities  change,  and 
also,  to  the  mode  in  which  these  changes  are  related  to  one 
another.  It  may  be  that  one  kind  of  quantity  in  one  body 
varies,  while  another  change  takes  place  in  another  body,  and 
sometimes,  connected  changes  take  place  in  the  same  body. 
"What  is  important  to  learn,  in  either  case,  is  the  manner  in  icliich 
the  changes  are  related,  or,  as  it  is  described,  what  law  connects 
them. 

For  exauqjle,  it  is  observable,  that  momentum  may  diminish, 
or  disappear  altogether,  while  an  increase  in  temperature  occurs. 
A  body  moving  rapidly,  a  bullet  shot  against  an  iron  plate,  is 
stopped  suddenly ;  but  in  the  place  of  the  momentum  we  have  an 
increase  of  temperature  so  great,   that  the  bullet  is  completely 
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melted.  Now  the  law  connecting  these  changes  is  an  important 
one,  and  it  has  been  accurately  determined.  Or,  again,  electricity 
may  disappear  from  view,  while  chemical  change  is  effected,  or 
while  temperature  is  increased.  The  mode  or  law,  in  accordance 
with  which  these  mutual  changes  occur,  is  in  each  case  determin- 
able, and  forms  a  great  part  of  our  future  work. 

Observations  op  Certain  Physical  Quantities. 

That  heat  is  a  quantity  capable  of  measurement  need  not  be 
insisted  upon  again.  It  is  well,  however,  to  consider  in  what 
manner  it  may  be  measured.  We  shall  find  that  there  are 
several  methods  which  will  serve,  and  the  following  exercises  are 
suggested  to  enforce  them. 

1.  Place  small  pieces  of  ice  in  eqiial  masses  of  water  at  the  same  tempera- 
ture. Ascertain  the  quantity  of  ice  afterwards  by  noting  the  additional 
weight.  Use  large  glass  beakers.  It  will  be  found  that  there  is  a  loweiing 
of  temperature,  approximately  proportional  to  the  quantity  of  ice  used. 

Here,  the  water  loses  heat  and  the  ice  gains  it,  and  we  do  not 
measure  the  heat,  but  the  ice  which  is  changed  by  the  heat.  And 
the  result  of  the  observation  is  to  show  again,  that  the  quantity 
of  heat  is  proportional  to  the  quantity  of  matter  in  which  it  pro- 
duces its  effect. 

2.  Leave  in  boiling-water,  for  a  few  minutes,  two  equal  quantities  of  copper 
wire,  to  which  thread  has  been  attached  for  the  purpose  of  manipulation. 
Then  transfer  oue  to  a  known  quantity  of  water,  and  the  other  to  double 
that  quantity,  at  the  same  temperature.  Note  when  thermal  equilibrium 
has  been  reached,  that  the  change  of  temperature  in  the  smaller  quantity  of 
water  is  double  what  it  is  in  the  larger  quantity,  or  approximately  so. 

Here,  we  perceive  that  equal  quantities  of  heat,  or  what  we 
may  assume  for  the  present  purposes  to  be  equal  quantities,  bring 
about  a  change  of  temperature  inversely  proportional  to  the 
quantity  of  matter  in  Avhich  it  takes  place.  In  other  words,  the 
smaller  the  mass,  the  greater  is  the  change  in  the  thermal  condi- 
tion corresponding  with  a  given  quantity  of  heat.  A  product, 
obtained  l)y  midtiplying  the  number  of  units  of  mass  by  the 
number  of  degrees  of  change,  measures  the  quantity  of  heat  for  a 
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given  kind  of  matter.  We  have  no  means,  at  present,  for  decid- 
ing, how  this  statement  is  affected  when  we  come  to  compare 
different  kinds  of  matter,  though  we  may  anticipate  observation 
by  saying  that  it  is  affected. 

The  product  of  mass  and  number  of  degrees  of  change 
in  the  case  of  copper  does  not  give  the  same  value  as  the  corre- 
sponding product,  in  the  case  of  the  water  which  is  changed  by 
the  copper.  That  quantities  of  heat  are  proportional  to  the 
change  of  temperature  in  each  kind  of  matter  is  all  that  can  be 
said. 

An  important  method  of  measuring  quantity  of  heat  lies  in 
the  observation  of  the  quantity  of  tcorii  it  is  capable  of  performmg. 
Unfortunately  it  is  a  method  which  does  not  lend  itself  readily  to 
actual  demonstration  in  the  laboratory,  though  almost  any  piece 
of  machinery  in  action  illustrates  the  transformation  in  question. 
The  quantity  of  Avork  done  by  any  engine  in  which  heat  is  used 
will  show,  that  for  the  same  engine  the  work  done  is  proportional 
to  the  heat  used.  Engines  vary  in  efficiency,  otherwise  it  might 
always  be  said,  that  the  work  performed  is  a  true  measm-e  of  heat. 
Of  an  engine  which  is  ideally  efficient,  this  woidd  be  true.  A 
correspondence  between  heat  and  work  is  also  apparent  in  the 
continuous  production  of  heat,  when  two  bodies  are  rubbed 
together.  Where  there  is  friction  or  resistance  to  the  rubbing, 
heat  in  proportion  to  the  resistance  is  brought  into  existence. 

3.  Connect  a  Daniell  cell  with  a  large  coil  of  wire,  at  the  centre  of  which 
a  magnet  is  suspended  so  as  to  move  freely,  that  is,  use  a  galvanometer  with 
a  coil  large  enough  to  permit  only  a  slight  deflection  of  the  magnet. 
Connect  two  cells  together,  and  note  that  the  deviation  of  the  magnet  is 
increased.  The  observation  of  quantity  is  here  illustrated  in  another  of  its 
forms. 

4.  Connect  two  or  more  Daniell  cells  (joined  in  series,  i.e.  zincs  and 
coppers  alternating)  with  any  simple  form  of  voltameter  containing  very  dilute 
sulphuric  acid.  A  chemical  change  goes  on  and  gas  is  disengaged.  Note  the 
volume  of  gas  liberated  in  a  given  time,  say  six  minutes.  Next,  connect  in 
the  same  manner  four  such  cells,  and  note  the  gas  liberated  in  the  same 
period  of  time.     It  will  be  found  about  double  uhat  it  was  before. 

In  this  case  Ave  measure  quantity  of  current  by  the  amount  of 
chemical  change  it  produces. 
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5.  Observe  the  rate  of  oscillations  set  up  in  a  small  magnet,  which  is  free 
to  move  about  its  centre,  when  it  is  placed  in  diflerent  situations  with 
regard  to  a  strong  bar  magnet.  The  number  of  oscillations  taking  place  in 
the  same  time  will  be  found  to  vary  as  the  position  with  regard  to  the 
magnet  is  changed.    The  strength  of  what  is  called  the  magnetic  field  varies. 

The  quantity  of  magnetism,  whatever  may  be  the  real  nature 
of  that  agent,  is  a  magnitude,  varying  according  to  locaHty  and 
indicating  itself  by  the  rate  of  movement  of  an  independent 
magnetic  body.  The  strength  of  the  magnetic  field  actually 
varies  as  the  square  of  the  number  of  oscillations.  '  «■ 

6.  Allow  any  small  liody,  of  an  ounce  or  more,  to  fall  from  varying 
heights  into  the  pan  of  a  spring  compression-balance.  Arrange  some  cotton 
wool  in  the  pan  to  break  the  fall.  Ascertain  the  relation  which  exists 
between  the  distance  of  the  fall  and  the  compression  produced  in  the  spring. 
Tiie  act  of  compression  is  a  performance  of  work,  and  that  which  produces 
it  is  the  energy  of  the  moving  body.  This  kind  of  energy  is  distinguished 
by  the  term  kinetic  energy.  It  will  be  found  that  the  work  done  is  pro- 
portional to  the  distance  through  which  the  body  falls. 

J^ow  it  may  be  accepted  as  a  fact  of  observation,  which  requires 
too  much  care  to  be  undertaken  at  the  present  stage,  that  the 
speed,  at  which  a  body  is  moving  at  the  moment  it  is  stopped  in 
its  fall  to  the  earth,  varies  as  the  square  root  of  the  distance  through 
which  it  has  fallen.  Therefore  the  work  performed  under  such 
circumstances  is  dependent  on  the  square  of  the  speed  at  which 
the  body  is  moving,  and  the  kinetic  kind  of  energy  varies  as  the 
square  of  the  speed.  If  bodies  of  varying  mass  be  used,  it  will  be 
found  that  the  effect  })roduced  in  compression  is  proportional  to 
the  mass,  when  the  distance  of  fall  is  the  same. 

Hence  the  quantity  known  as  kinetic  energy  is  estimated  from 
the  product  of  the  mass  and  the  square  of  the  speed.  ^ 

^  Many  other  exercises  of  the  character  described  above  will  suggest 
themselves  to  the  teacher,  as  affording  illustrations  of  other  modes  of 
measuring  complex  quantities. 


CHAPTEE    IV 

SOME    SIMPLE    OBSERVATIONS    IN   AVHICH    MATTER, 
TIME,    AND    SPACE    ARE    INVOLVED 

The  previous  chapter  lias  given  a  ch;e  to  the  course  l)eforo  us. 
Our  occupation  will  mainly  consist  in  measuring  quantities,  and 
these  will  become  more  and  more  complex  as  we  go  on.  The 
things  which  we  undertake  to  investigate  will  be  found  more 
composite  in  their  nature  as  Ave  proceed  on  our  course.  But 
before  we  are  able  to  make  a  thorough  and  scientific  investigation, 
it  is  necessary  to  extend  our  observation  far  enough  to  include 
a  considerable  number  of  different  kinds  of  facts.  Indeed  the 
many  changes  of  nature  have  to  be  classified  first  of  all,  and  after 
that  is  carried  out  they  may  be  inquired  into  more  fully,  as  is 
done  when  we  begin  to  measure  them  accurately. 

The  chief  instrument  in  classification,  nevertheless,  is  measure- 
ment, though  accuracy  in  measurement  may  not  at  first  be  possible 
or  necessary.  And  this  is  a  very  important  principle,  needing 
constant  attention,  that  measurement  is  not  only  the  end,  but 
even  the  beginning  of  all  systematic  inquiry.  Even  for  ordinary 
description  or  recognition  some  rough  sort  of  measurement  or 
comparison  is  usually  needed. 

The  quantities  which  have  come  before  our  notice  already, 
density,  speed,  momentum,  heat,  electricity,  etc.,  may  be  described 
as  certain  states  of  the  l^odies  with  Avhich  these  quantities  are 
associated.  We  speak,  for  example,  of  the  kinetic,  thermal,  or 
electric  state  of  a  body,  either  when  referring  exactly  to  the 
quantity  of  motion,  heat,  or  electricity,  which  may  be  measured 
upon  it,  or  when  alluding  to  quantities  roughly  estimated  by 
some  direct  comparison  with  neighbouring  bodies.     Even  in  the 
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latter  case  some  simple  process  of  rapid  measurement  is  carried 
on  by  direct  observation. 

Uut,  for  the  moment,  it  is  important  to  recognise  that  Ave 
usually  look  upon  these  varying  physical  quantities  as  states  or 
conditions  of  certam  bodies,  though  variation  in  the  state  of  a  body 
is  only  another  phrase  for  an  alteration  in  a  certain  measurable 
quantity.  Every  change  in  the  state  of  a  body,  and  therefore  all 
the  physical  and  chemical  changes  which  take  place  in  the  world, 
have  to  be  investigated,  if  they  are  to  form  part  of  our  scientific^ 
knowledge,  by  means  of  the  measurement  of  certain  quantities. 
And  this  is  true  even  of  those  preliminary  stages  of  our  study 
which  are  merely  descriptive  and  classificatory. 

Matter  in  Motion. — A  body  may  exhibit  three  kinds  of 
movement.  It  may  be  undergoing  Translation,  Rotation, 
or  Oscillation.  It  may  be  undergoing  more  than  one  of  these 
movements  at  the  same  time.  The  fly-wheel  of  a  stationary 
engine  rotates.  In  the  locomotive  it  undergoes  translation  as 
well  as  rotation.  It  may  rotate  or  oscillate  while  it  is  being 
translated.  The  earth  is  well  known  to  perform  a  daily  rotation, 
while  it  performs  its  annual  movement  round  the  sun,  and  this 
annual  movement  partakes  of  the  character  of  a  rotation  and  an 
oscillation.  It  is  an  oscillation  because  it  is  repeated  every 
year. 

Translation  is  merely  displacement.  The  path  followed  in 
the  displacement  may  be  straight,  curved,  or  irregular.  The 
observation  of  displacement  necessitates  measurements  of  position, 
of  the  kind  already  described,  that  is,  from  at  least  two  fixed 
points  or  lines  of  reference.  This  being  possible,  the  values,  at 
the  beginning  and  end  of  the  displacement,  give  the  total  dis- 
placement, though  they  do  not  inform  us  as  to  the  path  taken 
by  the  body.  To  ascertain  this,  either  measurements  must  be 
made  at  intermediate  points,  or  its  path  be  followed  directly  by 
comparison  with  some  fixed  line. 

If  any  part  of  a  body  is  changed  in  position  while  another 
part  remains  at  rest,  or  if  the  parts  of  a  body  have  not  moved 
along  paths,  which  are  parallel  to  that  of  the  body  as  a  whole, 
then  we  have  an  illustration  of  rotation.     Any  displacement 
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in  which  all  the  parts  of  a  body  do  not  equally  share  constitutes 
a  rotation.  And  it  is  interesting  to  note  that  the  result  of  any 
disturbance  in  the  position  of  a  body  may  be  obtained  by  a 
translation  combined  with  a  rotation. 

In  the  movement  called  oscillation,  the  characteristic  is 
repetition  in  some  form.  The  same  positions  are  repeatedly 
occupied.  A  given  path  is  traversed  again  and  again.  Each 
point  in  the  path  may  be  alternately  passed  over  from  opposite 
directions,  as  Avhen  a  pendulum  oscillates,  the  direction  of  dis- 
placement being  periodically  reversed ;  or,  in  another  instance  of 
oscillation,  the  mode  of  displacement  is  such  that  each  position 
in  the  path  is  repeatedly  occupied  from  the  same  direction.  In 
this  case  the  path  traversed  by  the  oscillating  body  is  circular  or 
elliptical,  whereas  it  is  a  straight  line  in  the  other  case. 

QUESTIONS  AND  EXERCISES. 

1.  How  is  the  position  of  a  body  described?  Why  is  it  necessary  to 
know  more  than  one  distance  before  jiosition  can  be  explained  ? 

2.  How  can  position  be  described  by  means  of  angles  ? 

3.  In  the  circumference  of  a  circle  thei'e  are  four  points  similarly  situated 
with  regard  to  two  diameters  drawn  at  right  angles.  How  can  they  be 
distinguished  ? 

4.  How  is  the  locality  of  a  given  area  defined  ? 

5.  Draw  a  plan  of  the  room  to  |  scale  {i.e.  let  |  in.  represent  1  ft.), 
and  indicate  tlie  points  of  the  compass. 

6.  AVhat  would  be  the  appearance,  presented  by  a  body  undergoing 
circular  oscillation,  when  the  eyes  are  placed  in  the  plane  of  oscillation,  i.e. 
when  the  body  is  looked  at  sideways. 

7.  Compare  the  appearance  presented,  when  a  body  moving  in  a  circular 
jtath  is  looked  at  in  the  manner  indicated  in  the  last  question,  Avith  tlie 
appearance  of  an  ordinary  pendulum  when  looked  at  from  above. 

8.  Draw  a  line  to  represent  the  path  traced  by — (1)  any  point  on  the 
outside  of  a  body  which  spins  as  it  moves  on,  a  spinning-top  moving  on.  for 
example  ;  and  (2)  any  point  on  the  rim  of  a  wheel  rolling  along. 

9.  Draw  a  diagram  to  show  that  in  the  translation  of  a  rigid  body  every 
part  of  it  moves  through  an  equal  distance  in  the  same  direction. 

10.  Draw  a  diagram  to  show  that  each  part  of  a  rotating  bod)'  moves 
with  the  same  angular  velocity,  that  is,  every  part  moves  through  some  arc 
or  other  of  the  same  angle,  the  origin  of  the  angle  being  the  centre  of 
rotation. 
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Displacement  is  relative. — When  it  is  said  that  dis- 
placement is  relative,  tlie  word  relative  is  used  to  express  the  fact 
that  a  value  or  change  varies  according  to  the  standard  by  which 
it  is  measured,  or  the  starting-point  from  whicli  it  is  measured. 
Now  there  is  no  need  to  dwell  upon  the  fact,  that  the  numerical 
value  of  any  quantity  depends  upon  the  standard  adopted.  That 
is  well  known.  But  a  movement  gives  an  opportunity  of  drawing 
attention  to  another  manner  in  which  a  magnitude  is  dependent 
upon  something  else,  or,  as  we  say,  is  relative.  '  ^ 

If  a  body  is  being  displaced  in  a  north-easterly  direction,  a  person 
standing  far  away  in  the  east  would  judge  it  to  be  moving  due 
north,  unless  he  had  some  clue  to  a  better  judgment.  In  the 
absence  of  other  bodies  to  mark  its  path,  and  in  case  no  increase 
in  size  became  apparent,  there  would  be  no  indication  of  any- 
thing but  a  northerly  movement. 

(_)n  the  other  hand,  the  body  would  appear  to  be  moving  due 
east  in  the  sight  of  a  person  regarding  it  from  the  north.  And 
both  these  movements  do  really  occur.  The  body  moves  east, 
and  it  also  moves  north.  But  the  displacement  which  appears 
to  take  place  dej^ends  on  the  point  of  view.  Motion,  then,  is 
relative,  and  so  are  most  changes  which  come  under  our  notice. 

As  an  exercise  in  the  meaning  of  the  term,  relative,  the 
following  questions  may  be  answered  : — • 

1.  Draw  a  line  to  show  the  path  of  a  body  falling  iVoiu  the  roof  of  a 
railway  carriage  in  motion  :  [a)  relative  to  the  carriage  ;  {h)  relative  to  the 
earth. 

2.  Draw  lines  side  by  side  to  show  the  path  of  disjjlacement  with  regard 
(1)  to  the  train  ;  (2)  to  the  cnith,  in  the  case  of  a  heavy  body  allowed  to 
fall  from  the  window  of  a  rapidly  moving  train. 

These  and  other  observations  of  the  same  kind  enforce  the  proposition 
that  motion  is  relative,  that  it  depends  on  the  point  of  reference  or  point 
of  view. 

The  distinction  between  rest  and  motion  is  unreal.  A  state 
of  rest  or  motion  is  relative.  It  depends  upon  what  we  are  using 
for  comparison.  All  observation  of  displacement  assumes  the 
existence  of  a  point  at  rest,  and  it  is  an  observation  of  a  change 
in  the  relation  of  two  bodies  as  regards  distance.  Yet  the  real 
state  of  the  body  is  not  taken  into  account,  nor  is  that  necessary. 
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A  book  is  at  rest  on  a  table,  yet  the  table  is  moving  through 
space  at  a  high  speed,  and  along  a  path  too  involved  to  be  under- 
stood. The  only  fact  that  concerns  lis  is  the  relation  of  the  book 
to  the  table.  Its  absolute  state  is  of  no  practical  importance, 
even  if  it  could  be  ascertained. 

If  the  question  of  motion  or  rest  be  rightly  understood 
as  a  relative  matter,  it  will  be  easy  to  grasp  the  meaning  of 
acceleration  or  change  in  speed.  The  change  from  rest  to 
motion  is  the  same  as  a  change  in  tlie  rate  of  motion.  An  increase 
or  decrease  in  speed  is  a  change  of  the  same  nature  as  that  which 
occurs  when  a  body  moves  from  rest.  Acceleration  is  the  rate  of 
change  of  speed,  whether  it  be  increasing  or  decreasing.  The 
essential  in  acceleration  is  change  of  speed,  whether  positive  or 
negative. 

The  most  familiar  example  of  acceleration  is  that  which 
occurs  in  the  fall  of  bodies  to  the  earth.  A  body  allowed  to  fall 
starts  from  rest  and  accelerates,  until  it  is  brought  to  rest  by  the 
resistance  of  another  body.  It  can  be  })roved  for  any  freely 
falling  body,  that  the  acceleration  is  constant,  namely,  that  the 
rate  of  change  is  uniform.  Acceleration  may  occur  in  any  of  the 
classes  in  which  motion  has  been  described  to  exist.  It  may 
take  place  in  translation,  rotation,  or  oscillation.  Its  meaning, 
however,  will  be  adequately  illustrated  by  taking  the  case  of 
translation,  and  there  is  no  better  or  more  inqiortant  illustration 
than  that  of  a  body  falling  to  the  earth. 

The  Fall  of  a  Body  to  the  Earth  when  not  Obstructed. 

The  rate  at  which  a  body,  if  not  impeded  in  any  way,  falls 
to  the  earth  is  the  same,  whatever  be  the  quantity  or  kind  of 
matter  in  the  bod}'. 

Experimental  proof  of  this  statement  is  readily  obtainable. 
Two  bodies,  e.g.,  of  Avood  and  iron  may  be  suspended  by 
mechanical  or  electro-magnetic  devices,  so  that  they  may  be 
simultaneously  released,  and  the  ear  will  afford  proof,  that  the 
contacts  of  the  wood  and  iron  with  the  floor  occur  at  the  same 
instant.     Bodies  which  expose  a  large  surface  to  the  resistance  of 
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the  air,  in  falling,  may  be  found  to  vary,  but  tins  cause  of  difference 
will  be  eliminated  if  the  experiment  be  conducted  in  a  vacuum, 
or  if  one  body  be  enclosed  in  the  other  {pjj.  a  piece  of  paper  in  a 
hollow,  open,  heavy  object). 

The  pendulum  affords  additional  and  more  easily  verified 
proof  of  the  above  proposition.  No  matter  how  the  quantity 
or  kind  of  matter  of  the  bob  be  varied,  a  pendulum  of  given 
length  is  always  attracted  to  the  earth  in  such  a  way  that  its  time 
of  swing  remains  constant. 

The  Time  of  Fall. — Within  a  moderate  distance  from  the 
earth  a  body  falls  through  16  ft.  during  the  first  second  after  it  is 
released,  64  ft.  in  two  seconds,  144  ft.  in  three  seconds,  etc.  Its 
rate  of  movement  at  the  exact  instant  it  is  released  is  zero,  but, 
falling  with  a  constant  acceleration,  at  the  end  of  the  first  second 
the  velocity  is  32  ft.  per  second ;  at  the  end  of  the  next  second 
64  ft.  per  second;  and  at  the  end  of  t  seconds  32^  ft.  per  second. 
The  acceleration  due  to  gravity,  usually  denoted  by  the  letter  g, 
is  thus  32  ft.  per  second  per  second.^ 

It  will  be  noted  that  the  space  through  which  a  body  travels 
varies  as  the  square  of  the  time.  In  two  seconds  a  body  traverses 
four  times  the  space  traversed  in  one  second,  in  three  seconds 
nine  times  as  much,  etc. 

The  student  should  try  to  condense  the  above  data,  or  better 
still,  express  his  own  experimental  discoveries  in  formulae — con- 
necting s,  the  space  traversed  in  t  seconds,  with  u  its  initial 
velocity,  v  the  final  velocity  of  the  body,  and  g  the  acceleration  of 
gravity. 

Direct  demonstrations  of  the  above  facts  are  not  easy,  owing 
to  the  high  rate  of  velocity  and  the  distance  from  the  ground 
necessary  for  experiments.  Devices  for  "diluting"  or  diminish- 
ing the  effects  of  gravity,  such  as  Atwood's  machine,  the 
smooth  inclined  plane,  etc,  are  therefore  resorted  to. 

In  the  latter  instrument  a  steel  ball,  released  by  an  electro- 
magnetic device,  runs  down  a  metal  groove  (which  can  be 
adjusted  to  any  angle  of  inclination),  and  establishes  an  electric 
connection  at  the  receiving  trigger  at  the  bottom  of  the  groove. 
1  More  accurately  32-2  ft. 
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The  time  between  the  release  and  the  contact  is  registered  by  a 
water-clock,  or  other  form  of  chronograph,  connected  with  the 
electro-magnetic  apparatus.  For  any  given  inclination  of  the 
groove,  the  time  of  transit  will  always  be  as  the  square  root 
of  the  distance  between  the  triggers. 

In  Atwood's  machine  the  rate  of  fall  is  retarded,  by  causing 
a  system  of  two  balanced  bodies  to  share  in  the  motion  of  a 
third. 

Two  equal  masses  are  connected  by  a  silk  thread,  which 
passes  over  a  pulley  turning  on  friction  wheels.  A  small 
additional-  mass  is  made  to  rest  on  the  mass  near  the  scale. 
This  causes  an  acceleration  to  be  given  to  the  whole  system, 
which  begins  to  move  slowly,  inasmuch  as  the  sole  cause  of 
movement  is  the  weight  of  the  small  added  mass.  By  trial,  the 
space  passed  over  in  one  second  may  be  noted,  and  the  movable 
stage  placed  there.  Then  the  commencement  and  end  of  the 
fall  will  agree  with  two  consecutive  ticks  of  a  seconds-clock.  The 
space  passed  over  during  two  seconds  will  be  found  to  be  four 
times  that  passed  over  during  one  second,  and  during  three  seconds 
the  distance  will  be  nine  times  greater,  and  so  on.  In  order  to 
give  a  long  drop  the  pulley  should  be  fixed  as  high  as  possible. 

By  allowing  the  additional  mass  to  rest,  for  one  second  only, 
on  the  system,  removing  it  at  the  expiration  of  the  time  by  a 
ring  placed  in  position,  the  acceleration  due  to  gravity  may  be 
calculated.  The  rate  of  movement  of  the  balanced  masses  is 
observed  by  placing  a  stage  to  receive  the  falling  body  at  the  end 
of  the  next  second.  The  acceleration  produced  will  be,  to  that 
f)f  gravity,  in  the  ratio  of  the  additional  mass  to  the  mass  of 
all  three  bodies  together. 

An  interesting  experiment,  to  calculate  the  time  taken  in 
the  fall  of  a  body,  anay  be  carried  out  by  allowing  the  body  to  fall 
upon  the  base  of  a  pendulum  of  long  period.  It  is  arranged  that 
the  falling  body  shall  be  placed  at  such  a  height  that  if  the 
pendulum  starts  swinging  when  the  body  begins  to  fall,  it  will  be 
struck  when  it  is  just  at  its  central  position.  Both  pendulum  and 
body  are  held  in  position,  as  shown  (in  Fig.  3),  by  a  stout  thread. 
A  simultaneous  release  is  effected  by  burning  the  thread  at  C. 
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The  body  falls  through  a  measurable  distance,  and  the  pendulum 
occupies  a  measurable  time  in  moving  to  the  position  in  which  it 
is  met  by  the  falling  body.  The  relation  is  expressed  by  the 
formula,  s  =  2^^^. 

A  thin  iron  bar  about  7  ft.  long  was  used  in  my  own  laboratory.  A 
heavy  flat  disc  of  lead  of  6  in.  diameter  was  attached  to  this  bar,  and  its 
upi^er  surface  was  thinly  coated  with  putty.  A  central  line  was  marked 
ui)on  this  surface,  so  as  to  be  at  right  angles  to  the  path  of  the  falling  body. 
A   small   round   brass   body,    weighing   about   3   oz.,    was  fixed  at  8  "9  it. 

above  the  central  line  of  the  bob 
when  hanging  at  rest.  The  falling 
body  struck  the  central  line  exactly 
true,  showing  that  a  fall  of  8 '9  ft. 
is  executed  in  '7425  second.  The 
period  of  the  pendulum  was  found 
])reviously  by  cimnting  the  swings 
made  in  fifteen  minutes  to  be  1'485 
for  one  comjilete  swing  in  one  direc- 
tion. To  reach  its  position  of  rest, 
only  half  this  time  is  occupied. 

The  apparatus  shown  in 
Fig.  4  is  designed  to  afford 
experimental  proof  that  the 
time,  taken  by  a  body  in  falling 
through  a  given  vertical  dis- 
tance, is  independent  of  any 
initial  liorizontal  veJocitij  which 
Fig   3.-Api,aratus  for  determining  the     ^j^^    ^^.  possess,  and    in- 

tune  taken  ui  the  fall  of  a  body.  ''         p     1      1 

dependent  of  the  length  of  the 

path  described.  In  other  words,  the  distance  traversed  by  a 
body  before  reaching  the  earth  has  no  effect  upon  the  time  taken, 
for  this  is  only  dependent  upon  the  vertical  lieight  travelled 
through. 

A  Ijall  A  of  any  material  is  allowed  to  run  down  the  curved 
groove  AB,  so  that  when  it  arrives  at  B  it  has  a  certain 
horizontal  velocity,  which,  together  with  the  attraction  of 
gravitation,  causes  it  to  describe  a  curved  path  BC.  At  B  the 
ball  touches,  in  transit,  a  projecting  metal  tongue,  and  this  com- 
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municates  with  an  electro-maguet  supporting  a  ball  D,  so  that  at 
the  instant  the  ball  A  leaves  the  board  and  enters  on  its  free 
path,  the  ball  D  is  released  from  the  same  level  and  falls  to  the 
floor.  It  is  found  that  both  balls  reach  the  ground  at  the  same 
instant.     A  single  blow  is  heard. 

The  points  of  difficulty  which  naturally  present  themselves  to 
the  mind  are  : 

(1)  Why  the  path  i?C' should  be  a  curve  and  not  a  straight  line. 


Fig.  4.  — Apparatus  for  showing  that  the  time  taken  by  a  body  in 
falling  through  a  given  vertical  distance  is  independent  of  any 
initial  horizontal  velocity  the  body  may  possess.  C-ompare  the 
paths  described. 

(2)  Why  two  such  unequal  paths  should  be  traversed  in 
equal  times  by  similar  bodies. 

To  make  clear  the  first  point,  it  must  be  remembered  that 
whilst  the  horizontal  velocity  of  the  ball  A  remains  constant,  the 
attraction  of  the  earth  increases  in  its  effect  upon  a  body,  the 
longer  that  body  is  subject  to  it.  It  is,  in  other  words,  a/brce  of 
acceleration,  becoming  greater  and  greater,  and  causing  the  ball 
to  assume  a  more  and  more  vertical  direction. 

One  way  of  regarding  the  second  difficulty  is  this : — 

Suppose  that  the  horizontal  velocity  of  the  ball  carry  it  in 
6 
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-  sec.  along  BN,  and  that  gravity  then  suddenly  \)\\\U  the  ball 
down  in  -  sec.  to  M,  and  so  on,  as  in  Fig.  5.  The  path  of  the 
projectile  Avould  then  he  BNMO  ...  (7,  the  two  modes  of 
displacement  taking  place  one  after  the  other.  ]5ut  instead  of 
the  effects  of  gravitation  thus  following  the  effects  of  the 
horizontal  velocity,  or  vice  versa,  both  occur  simultaneously  in 
the  body  actually  falling,  and  a  course  such  as  BMC  is  always 
followed  in  reality.  The  effects  of  each  displacement  are  clearly 
present  in  such  a  path,  and  as  the  two  agents  of  the  displaceniBHt 
are  in  action  together,  the  time  occupied  is  the  same  as  if  only 

one  were  active.  That  is, 
it  takes  the  same  time  for 
a  body  to  traverse  the  path 
MP  as  it  does  to  traverse 
either  MO  or  OF.  There- 
fore the  time  taken  in  tra- 
velling along  BMC  is  the 
same  as  NM+OP+  .  .  . 
=  DK 

A  path  su(;li  as  MP  is 
usually  called  the  resultant 
of  the  two  forces  acting  on 
the  body. 

It  will  be  apparent 
that  the  distance  FC 
affords    a    direct     measure 
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5. — Diagram  explaining  how  two  lui- 
eqiial  paths  are  traversed  in  equal  times 
by  similar  hodies. 


of  the  horizontal  velocity  of  the  body. 

Meaning  of  the  term  Force. — It  Avill  have  been 
noticed  that  the  Avord  force  has  hitherto  been  used  without  any 
attempt  at  explanation  or  definition.  A  convenient  definition  of 
force  is  "  that  lohich  changes  or  tends  to  change  the  state  of  motion 
or  7'est  of  a  body,  hy  altering  either  its  magjiitude  or  its 
direction" 

It  is  important  to  consider  the  fall  of  a  body  to  the  earth  as 
due  to  a  mutual  action,  or  "  stress  "  existing  between  the  two,  so 
that  the  phenomenon  of  gravitation  may  be  regarded  as  the 
attraction  of  the  earth  towards  a  body,  or  vice  versa,  or  as  both. 
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jMutual  action  is  usually  measured,  lio\A'ever,  by  its  action  on  one 
body  alone,  and  therefore  force  is  regarded  only  from  one  side  of 
its  dual  aspect.  When  the  term  stress  is  used,  a  recognition  of 
the  two  aspects  of  the  phenomenon  is  intended. 

Intimately  connected  with  the  subject-matter  of  this  chapter 
are  the  first  and  third  of  Newton's  three  Laws  of  motion. 

1.  "  Everij  body  perseveres  in  its  state  of  rest  or  of  moving 
nniformlii  in  a  straight  line,  except  in  so  far  as  it  he  made  to 
change  that  state  hi/  external  impressed  force." 

2.  "  Change  of  momentum  is  propjortional  to  the  impressed 
force  {or  imjmlse)  and  taJces  place  in  the  direction  in  ichich 
the  force  is  impressed." 

3.  "  Action  and  reaction  are  equcd  and  op>posite."  Action 
and  reaction  constitute  the  two  aspects  or  the  two  results  of  the 
single  fact  now  called  stress. 

Quantity  of  Matter  in  Motion. — Hitherto  the  question  of 
speed  has  been  treated  as  irrespective  of  the  matter  engaged  in  it. 
It  lias  been  considered  as  a  quantity  in  itself,  made  up  from  the 
two  elementary  magnitudes,  length  and  time.  "When,  however, 
we  consider  matter  and  motion  jointly  Ave  have  a  still  more 
complex  quantity,  momentum.  It  is  frequently  necessary  to 
combine  together  the  rate  of  displacement  and  the  quantity  of 
matter  being  displaced,  for  very  striking  effects  are  dependent 
upon  this  compound  quantity,  and,  indeed,  it  must  be  clear  to 
all,  that  the  extent  of  the  change  taking  place,  when  a  body 
moves,  needs  both  motion  and  mass  to  be  taken  into  account,  if  an 
adequate  description  of  it  is  to  be  given.  When  fully  described 
in  this  Avay,  it  will  fall  into  line  with  other  physical  changes. 

The  numerical  value  of  a  momentum  is  obtained  by  multiply- 
ing the  number  of  units  of  mass  by  the  number  of  units  of  speed. 
Hence  it  is  said  that  lsi  =  mv.  This  expression  is  a  useful  aid 
to  the  memory.  When  once  the  combination  of  change  Avith  mass 
is  realised,  it  Avill  be  admitted,  that  a  great  extension  in  the 
classes  of  quantity  to  be  measured  is  thereby  opened  out. 

The  connection  of  mass  Avith  motion  suggests,  that  mass  may 
also  be  associated  Avith  change  of  motion  or  acceleration,  and  also 
Avith  rate  of  acceleration.     The  last-named  c[uantity,  in  Avhich  the 
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quantity  of  matter  and  also  the  rate  of  change  of  motion  are 
jointly  regarded,  gives  rise  to  some  of  the  most  important 
results  in  Physics. 

The  Temperature  of  Matter. — IMatter  is  well  known  to 
assume  different  states  of  temperature.  A  variation  in  thermal  con- 
dition is  as  familiar  as  change  of  position,  and,  at  the  same  time, 
there  is  much  that  is  alike  in  our  way  of  regarding  these  two  classes 
of  change.  All  that  we  know  about  temperature  may  he  summed 
up  in  the  statement,  that  it  is  that  condition  of  a  body  whicir 
decides  whether  it  shall  part  with  some  of  its  thermal  energy  to 
other  bodies  in  its  neighbourhood. 

We  are  directly  conscious,  through  our  nervous  organisation, 
of  differences  in  temperature.  We  speak  of  one  state  as  hotter 
than  another.  Rough  discrimination  of  hotness,  coldness,  and 
intermediate  states  is  possible.  But  a  scale  of  temperature, 
directly  based  upon  our  sensations,  is  in  no  wise  accurate  or  trust- 
worthy. It  is  easy  to  make  mistakes  as  to  temperature.  Thermal 
condition  impresses  us  by  comparison  alone.  Our  personal  judg- 
ments are  relative  to  })revious  or  subsequent  impressions.  And 
so  it  conies  about,  that  a  moderately  warm  l)ody  Avill  strike  us  as 
cold  or  hot,  according  to  whether  the  previous  sensation  Avas  one 
of  higher  or  lower  temperature.  Moreover,  the  discrimination  of 
temperature  is  confined  within  very  narrow  limits.  Above  a 
certain  temperature  and  below  another,  all  sensation  is  alike.  A 
very  hot  body  cannot  be  distinguished  from  one  still  hotter,  nor 
can  a  very  cold  body  be  distinguished  from  one  still  colder.  In 
addition,  very  hot  and  verij  cold  bodies  give  us  the  same  sensation, 
and  they  are  also  equally  injurious. 

But,  as  in  the  case  of  motion,  some  fixed  point  of  reference  is 
needed  for  accuracy  of  observation  to  be  possible,  so  in  the  case 
of  thermal  state,  no  exact  knowledge  is  obtained,  vuitil  a  fixed  or 
standard  state  of  temperature  is  agreed  upon.  Fortunately,  there 
are  in  nature  two  such  standard  temperatures,  to  Avhich 
other  temperatures  can  be  referred  in  a  manner,  corresponding 
with  our  reference  to  some  fixed  point  on  the  surface  of  the  earth 
in  measuring  motion.  These  standard  temperatures  are  presented 
by  melting  ice  and  boiling  icafer. 
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But  in  addition  to  these  fixed  and  standard  states  of  tempera- 
ture, there  is  a  certain  sense  of  order,  to  be  derived  from  the 
observation  of  bodies  in  an  intermediate  condition.  The  same 
substance  can  be  made  to  give  a  iirotjressive  series  of  impressions 
as  regards  temperature.  It  may  exhibit,  either  to  our  own  feel- 
ings or  to  the  thermometer,  a  succession  of  states  which  must  be 
described  by  reference  to  a  scale  of  temperature. 

The  perception  or  description  of  progressive  stages  of  this 
thermal  state  or  hotness  would  be  impossible  without  some  scale, 
and  the  establishment  of  a  scale  could  not  have  taken  place  with- 
out the  existence  of  standard  states  of  temperature.  Between 
these  standard  states  we  have  a  series  of  steps,  which  are  denoted 
by  numbers,  from  the  one  fixed  point  to  the  other.  Description 
of  temperature  becomes  possible  by  means  of  these  numbers,  and  a 
definite  thermometric  scale  is  established.  Not  only  can  Ave 
recognise  when  bodies  are  at  the  same  temperature,  as  Ave  can  by 
observing  that  they  produce  the  same  results,  but  Ave  perceive 
that  temperatiire  admits  of  expression  as  an  order  of  states,  and 
this  order  is  more  exactly  described  by  the  creation  of  a  scale 
carrying  numbers. 

A  little  reflection  is  needed,  before  it  is  thoroughly  realised, 
that  the  statements  made  above  convey  no  admission  as  to  the 
possibility  of  comparing  differences  of  temperature,  even  betAveen 
similar  quantities  of  the  same  kind  of  matter.  Strictly  speaking, 
degrees  of  temperature  constitute  an  order,  and  do  not  give  an 
occasion  for  measurement.  We  cannot,  so  far,  measure  the 
intervals  in  this  order.  The  expression  of  the  order  by  means 
of  numbers  gives  an  im})ression,  that  this  can  be  done,  and 
erroneous  conceptions  thereby  arise,  numbers  denoting  degrees 
being  added  together  and  subtracted,  as  if  tlieij  were  numerical 
values  (f  quantitij,  instead  of  indicating  stages  in  a  progression. 
'The  numbers  denoting  degrees  are  different  grades  of  ranli,  and 
they  are  not  in  any  sense  to  be  regarded  as  quantities.  These 
distinctions  will  become  more  real  after  practical  acquaintance 
with  the  thermometer. 

Mass  and  Temperature. — Mass  and  motion,  Avhen  con- 
sidered   together,    have    enabled    us    to    realise    the    compound 
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quantity,  momentum.  It  is  useful  and  interesting  to  compare 
it  with  a  similar  quantity,  wliicli  may  be  calculated  by  combining 
together  in  our  observation  mass  and  temperature.  A  very 
noteworthy  analogy  exists  between  the  two  quantities,  one  being 
a  combination  of  matter  with  motion,  the  other  a  combination  of 
matter  with  temperature.  A  quantity  of  matter  and  its  state  are 
in  each  case  jointly  considered.  Yet  the  thermal  state,  it  must 
be  remembered,  is  more  complex  in  its  nature,  and  more  difficult 
to  measure,  than  the  state  of  motion ;  and,  moreover,  it  is  always 
conditional  on  quality  as  well  as  quantity  of  matter. 

The  new  quantity  thus  arrived  at  is  what  is  known  as 
quantity  of  heat.  There  is  one  respect  in  which  it  diflfers 
from  momentum.  It  cannot  he  measured  directly.  The  values 
of  a  momentum  we  know  to  be  the  product  of  the  mass  and  the 
speed  (M  =  mv),  but  quantity  of  heat,  in  the  sense  in  Avhich  it  has, 
so  far,  been  described,  is  not  the  product  of  mass  and  temperature. 
It  is  a  product  of  mass  and  change  of  temperature.  If  the  true 
value  of  temperature  were  measurable  so  readily  as  speed,  it  would 
be  a  great  gain  in  simplicity  of  calculation,  to  take  the  product  of 
mass  into  temperature  and  obtain  a  kind  of  thermal  momentum. 
But  unfortunately  we  cannot  readily  measure  temperature  from  an 
absolute  zero,  a  state  in  which  there  is  absolutely  notlmig  of 
that  condition  which  confers  temperature  on  a  body.  There  is 
such  a  state  calculable,  but  it  is  not  an  observable  state,  as  is  a 
state  of  rest,  the  zero  from  which  ice  measure  speed.  In  practical 
measurement  all  that  we  can  do  is  to  deal  with  difference  or  change 
of  temperature. 

Quantity  of  heat,  then,  is  proportional  to  a  quantity  of  matter 
multiplied  by  an  observed  change  of  temperature.  It  is  calculated, 
not  from  absolute  temj)erature,  but  from  the  difference  of  tempera- 
ture which  is  manifested.  Instead  of  H  varying  as  mt,  it  varies 
as  ?ii(T  -  t).  It  corresponds  then  more  exactly  with  the  quantity, 
which  Avould  be  obtained  by  multiplying  a  mass  with  a  change  of 
velocity.  We  have  seen  above  that  there  is  an  analogy  between 
temperature  and  motion. 

Summary. — 1.  A  given  body  may  exist  in  a  variety  of 
states,   and  it  may  pass   from  one  to   another.      By  the  aid  of 
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measureinents  of  one  or  more  of  the  simple  quantities  already 
cleseribed,  alterations  in  the  state  of  a  body  may  he  observed. 
Our  knowledge  of  such  states  is  based  upon  the  measurement  of 
the  simple  quantities,  length,  time,  or  mass. 

2.  Matter  alone  can  exhibit  states  or  modes  of  being.  These 
terms  are  not  applicable  to  space  or  time.  It  cannot  be  said  of 
time  or  space,  that  a  change  in  its  state  or  condition  ever  occurs. 


CHAPTEE   V 

THE    MEANING   OF    NATURAL    PHILOSOPHY 

In  attempting  by  the  aid  of  our  powers  of  observation  to  gain 
knowledge  of  the  world  aronnd  us,  it  is  not  enough  to  watch  or 
measure  facts  by  themselves.  It  is  iiecessary  to  perceive,  that 
facts  are  connected  with  one  another.  It  is  essential,  indeed,  to 
learn  Avhat  facts  are  related,  and  also  how  tliey  are  related.  At  a 
very  early  stage  in  observation  it  becomes  evident  to  us,  that  many 
changes  are  connected  Avith  earlier  changes,  or  to  use  a  mode  of 
description  which  is  familiar  to  all,  we  are  aware  that  many  changes 
are  due  to,  or  caused  by,  other  occurrences. 

As  our  knowledge  increases  we  find,  that  this  statement  may 
be  extended.  It  becomes  appropriate  to  say,  that  every  change  in 
nature  is  preceded  or  accompanied  by  another,  and  that  no  event 
starts  itself  or  originates  itself,  for  its  origin  can  be  traced  back 
through  an  endless  series  of  prior  occurrences.  Nothing,  indeed, 
in  the  inanimate  world  is  sj^ontaneous  or  self-originated,  and  the 
mode  of  the  connection  between  events  forms  an  important  part 
of  the  investigation  of  nature.  Perhaps  it  is  not  too  early  to  state 
here,  that  this  is  the  most  important  part  of  our  study,  as  it  is 
the  most  difficult.  It  is,  in  the  first  place,  necessary  to  ascertain 
ichat  events  are  connected,  and,  in  the  second  place,  to  learn  hoio 
they  are  connected.  And  it  is  this  final  and  crowning  effort  of 
the  intelligence  which  renders  the  use  of  the  phrase,  Natural 
Philosophy,  a  fitting  one. 

Rise  of  Temperature  following  Friction. 

Certain  experiments  made  by  Eumford  and  Davy,  at  the  end 
of  last  century,  afford  an  illustration  of  the  manner  in  which  one 
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change  is  connected  ^yith  another,  and  they  happen  also  to  have 
been  the  foundation  of  views  which  are  now  very  prominent  in 
the  practical  world.  ^Moreover,  a  relation  between  motion  and 
heat  is  seen  in  the  fact  that  motion  can  produce  heat,  and  it  is 
evident  again  in  the  fact  that  heat  can  bring  about  motion. 

This  is  plainly  illustrated,  whenever  motion  is  produced  by 
means  of  an  engine,  through  the  agency  of  hot  matter — steam, 
gas,  or  oil.  ^Vnd  the  conversion  of  ordinary  visible  motion  into 
heat  is  perceptible,  whenever  two  bodies  are  rubbed  together.  The 
friction  of  one  solid  body  upon  another  is  soon  found  to  bring 
about  a  rise  of  temperature  in.  each  of  them.  This  is  more 
evident  in  the  case  of  solid  bodies — in  the  friction  of  a  break 
upon  a  wheel,  or  of  an  axle  upon  its  bearings  in  a  machine,  for 
example — but  the  same  event  takes  place,  in  a  less  degree,  even 
in  the  case  of  liquids  and  gases.  In  the  case  of  liquids  there  is 
less  friction,  for  material  contact  is  limited,  and,  consequently,  less 
thermal  change  than  with  solids.  And  gases,  through  the  very 
small  quantity  of  matter  entering  into  them,  provide  still  less 
opportunity  for  friction  and  for  change  of  temperature. 

Illustrations. — Sparks  from  a  flint.  The  glowing  fragments  from  a  rail- 
way-break wlien  applied.  The  hot  bearings  of  an  engine  in  motion.  The 
savage  kindling  a  tire  by  rubbing  -wood  together. 

Rumford  produced  an  indefinite  quantity  of  heat  by  continued 
friction,  and  thus  proved  that  heat  is  not  matter.  He  had  ob- 
served, that  in  the  old  process  of  boring  a  cannon  considerable 
friction  took  place.  It  was  found  that  when  a  horse  was  em- 
ployed for  140  minutes  in  this  work,  the  friction,  between  the 
instrument  used  and  the  cannon,  was  sufficient  to  cause  about 
19  lb.  of  water  to  boil,  as  well  as  to  raise  the  temperature  of  all 
the  bodies  concerned  in  the  operation.  Rumford  states  iii  his 
memoir:  "The  source  of  heat  generated  by  heat  in  these  experi- 
ments appeared  evidently  to  be  inexhaustible.  It  is  hardly  neces- 
sary to  add,  that  anything  which  any  insulated  {i.e.  isolated)  body 
or  system  of  bodies  can  continue  to  furnish  without  limitation, 
cannot  possibly  be  a  material  suhstance.  It  appears  to  me  to  be 
extremely  difficult,  if  not  quite  impossible,  to  form  any  distinct 
idea  of  anything  capable  of  being  excited  and  communicated  in 
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the  manner  in  which  heat  was  excited  and  connnnnicated  in  these 
experiments,  except  it  he  motion." 

Davy  found  that  two  pieces  of  ice  when  rubbed  together 
gradually  melted.  He  also  showed  that  two  pieces  of  metal, 
when  surroimded  by  ice,  and  rubbed  together  in  the  exhausted 
receiver  of  an  air-pump,  caused  the  ice  to  melt.  He  attributed 
the  melting  in  each  case  to  the  production  of  heat  Tty  friction,  and 
after  some  years  of  consideration,  he  came  to  the  conclusion,  in 
1812,  that  "the  immediate  cause  of  the  phenomenon  of  heat, 
then,  is  motion,  and  the  laAvs  of  its  communication  are  precisely 
the  same  as  the  laws  of  the  communication  of  motion." 

The  precise  nature  of  the  relation  between  friction,  or  work, 
and  heat  was  not  ascertained  until  the  more  exact  experiments  of 
Colding  and  Joule  were  carried  out.  The  searching  and  thorough 
investigation  of  Joule  led  to  a  value  known  as  the  dynamical 
(or  meclianical)  equivalent  of  heat  being  formulated  in 
1849. 

The  converse  change,  from  heat  to  motion,  though  equally 
certain,  is  less  direct,  and,  consequently,  less  striking.  The 
change  may  appear  under  circumstances  involving  disaster,  as 
when  a  sudden  disengagement  of  heat  ui  a  confined  space  causes 
an  explosion,  or  it  may  be  controlled  and  restrained,  as  occurs 
in  any  khid  of  heat-engine.  Here  the  heat,  derived  from  the 
burnmg  of  coal,  gas,  or  oil,  is  converted  directly  or  indirectly  into 
motion.  Hot  gas,  steam,  or  vapour  is  allowed  to  enter  one  end  of 
the  cylinder  of  the  engine,  and  pushes  forward  the  piston.  By  a 
mechanical  contrivance,  called  a  valve,  the  hot  body  is  next 
diverted  to  the  other  end  of  the  cylinder.  The  rapid  repetition 
of  this  course  occasions  the  to-and-fro  motion  of  the  piston,  and 
this  is  converted  into  the  circular  motion  of  the  flywheel,  by  a 
suitable  arrangement  of  constraints,  which  should  be  inspected  ui 
an  actual  engine.  The  motion  communicated  to  the  flywheel  is 
handed  on,  by  means  of  belting  and  shafting,  to  places  where 
it  may  be  needed.  The  whole  mechanical  activity  and  movement 
of  most  large  workshops  originates  from  heat.  And  the  source  of 
this  heat  is  the  burning  of  some  kind  of  fuel,  coal,  gas,  or  oil.  In 
some  instances,  however,  the  motion  is  derived  from  a  body  of 
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falling  water,  as  in  a  water-mill,  and  in  this  case  a  motion  already 
existing  is  utilised.  In  otlier  instances  the  movement  is  obtained 
from  an  electro-motor,  that  is,  the  immediate  source  is  an  electric 
one.  But  in  this  case,  and  even  in  the  case  where  water-power 
is  utilised,  the  ultimate  source  will  he  likewise  admitted,  after 
sutticient  reflection,  to  he  heat. 

As  illustrations  of  this  we  may  notice  the  connection  between 
the  water-mill  and  the  wind-null,  which,  after  all,  is  a  simple  one. 
It  is  the  heat  of  the  sun's  rays,  which  has  raised,  in  the  form  of 
A-apour,  the  water  from  the  sea,  and  deposited  it  as  snoAV  or  rain 
on  the  tops  of  the  mountains  :  these  replenish  the  rivers  and 
streams,  and  so  supply  the  water-mill  with  its  power  of  working. 
It  is  also  the  sun,  which,  by  causing  hot  currents  of  air  to  rise, 
sets  in  motion  the  winds,  thus  supplying  motive  power  to  the 
wind-mill. 

It  is  the  same  radiation  from  the  sun  which  in  okl  times 
enabled  growing  plants  to  assimilate  their  food,  grow  up,  die 
down  and,  in  becoming  coal,  supply  us  with  a  source  of  heat, 
which  we  can  utilise  for  obtaining  any  amount  of  power  we  may 
wish.  The  heat  which,  so  to  speak,  lies  dormant  in  coal  is  easily 
converted  into  steam  power. 

It  is  worth  while  to  notice  how  the  steam-engine,  in  driving  a 
di/)iamo,  furnishes  us  with  an  intermediate  form  of  energy,  elec- 
trical in  nature,  which  can  l)e  directed  by  the  use  of  wires  to  any 
position,  and  can  then  be  utilised  for  producmg  motion,  light, 
heat,  and  chemical  action. 

The  transfer  of  power  over  long  distances,  by  means  of  an 
electric  current,  has  largely  extended  the  availability  of  natural 
sources  of  energy,  for  example,  that  of  waterfalls. 

A  direct  transformation  of  heat  into  motion  is  seen  in  the 
elongation  of  a  metal  rod  or  a  column  of  liquid,  which  takes  place 
as  the  temperature  is  raised.  Here  there  is  a  definite  displace- 
ment of  matter,  and  a  considerable  disturbance  of  the  previous 
arrangement  and  disposition  of  its  invisible  parts. 

As  examples  among  familiar  olijects,  trace  to  its  ultimate  soxn-ce  the 
motive-power  of  a  tram  as  propelled  by  electric,  steam,  and  horse  power,  and 
carry  out  the  same  course  for  a  steamship  and  for  a  sailing  vessel. 
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The  Communication  of  Motion  by  Contact. — AVlien 
one  body  knocks  against  another,  the  simplest  kind  of  pliysical 
exchange  or  transformation  may  occur.  Tlie  motion  of  one  body 
may  grow  less  or  disappear  while  the  other  body  begins  to  move, 
provided  it  is  not  too  big.  Here  one  physical  change,  of  a  very 
simple  character,  is  definitely  handed  on  from  one  body  to  another. 
Material  contact  is  the  sole  condition  necessary  for  the  exchange 
to  take  place. 


Fig.  6. — Apparatus  for  experiments  ou  iiioiuentum. 

Bnt  what  is  handed  on  is  not  merely  motion.  Our  experi- 
ments will  show  that  the  quantity  transferred  from  one  body  to 
another  on  occasions  of  collision  is  not  motion,  but  somethmg 
which  is  made  np  of  both  motion  and  quantity  of  matter,  and 
that  something  is  energy.  It  will  be  fouiid  that  the  complex 
quantity  known  as  energy  is  made  u})  oi  the  simpler  quantities, 
matter  and  motion,  combined  in  a  special  manner. 

The  effect  produced  by  a  moving  body  depends  upon  its 
momentum.       The    distinction    between    energy   and    uiomen- 
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turn   is    best    learnt    after   some    practical    experience    has    been 
gained. 

Practical  Work. — Two  lead  or  iron  splieres,  one  twice  the  weight  of 
tlie  other,  are  suspended  side  by  side.  A  wcoden  cube  is  suspended  in  the 
usual  manner,  shown  in  Fig.  6,  to  allow  a  steady  disi>lacement.  The  sjjheres 
are  separately  put  in  swing,  and  the  displacement  of  the  cube  when  struck 
is  observed.  Wooden  scales  may  be  placed  as  shown,  in  order  to  define  the 
displacement. 

Prelitiunary  experiments  may  be  made  to  show,  that  the  two  spheres,  if 
suspended  by  strings  of  the  same  length,  swing  together,  that  is,  occupy  the 
same  time.  Also  that  tlie  length  of  the  swing  does  not  alter  the  period,  for 
if  they  are  allowed  to  fall  at  the  same  moment  from  different  heights  they 
both  pass  the  vertical  position  together.  A  few  trials  will  make  this  clear. 
This  being  ascertained,  it  is  evident  that  the  speed  with  which  either  body 
moves  will  depend  upon  the  length  of  the  arc  through  which  it  sivings.  The 
speed  is  proportional  to  the  distance  through  which  the  moving  body  has  to 
pass  in  one  swing,  for  each  swing,  whether  large  or  small,  has  been  found  to 
occu]i)y  the  same  time. 

The  etfects  produced  by  each  sphere  in  turn  sliould  be  noted,  both  when 
their  speeds  are  alike  and  when  they  are  varied.  A  table  of  results  should 
be  drawn  up.  It  will  be  found  that  the  mass  of  the  moving  body  and 
likewise  the  speed  have  their  separate  share  in  the  results  produced. 
In  every  case,  the  product  of  the  number  of  units  of  mass  and  the  number  of 
units  of  speed  or  velocity,  give  the  value  called  momentum,  which  is  always 
proportional  to  the  effect  produced.  The  distance  through  which  the  cube 
is  displaced  varies  as  the  momentum.  Four  ounces,  for  example,  moving  at 
a  given  speed  will  produce  the  same  effect  as  eight  ounces  at  half  that 
spfcd. 

Ballistic  Pendulum. — The  above  experiments  maybe  extended  by  using 
Hicks'  Ballistic  Balance.  In  this  apparatus  the  novelty  lies  in  the  simple 
ingenuity  of  the  mode  of  suspension,  in  which  steadiness  and  delicacy  of 
balance  are  both  at  their  maximum.  For  success  in  this  suspension  the 
cords  should  be  as  long  as  the  room  will  permit,  and  as  wide  apart  as 
jiossible  at  the  top. 

The  illustration  (Fig.  7)  denotes  the  method  of  suspension.  The  difficulty 
of  adjustment,  necessary  to  bring  the  two  blocks  to  be  in  the  same  plane 
and  to  touch  evenly,  may  be  readily  obviated  by  using  small  "runners." 
The  mode  of  using  them  is  tlie  same  as  in  tightening  or  slackening  a  tent-rope. 
The  masses  may  be  varied  conveniently,  if  a  pin,  to  receive  annular  pieces  of 
iron  of  equal  weight,  is  fixed  through  the  centre  of  each  block.  One,  two, 
or  more  ec^ual  masses  can  then  be  added  to  either  block  for  purposes  of 
experiment.  Metallic  points  may  be  fixed  to  one  block,  so  that  they  are 
embedded  in  the  other  block  wlien  a  collision  takes  place.     A  scale  is  placed, 
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or  divisions  are  marked  on  the  frame  of  the  support,  in  order  to  define  the 
displacements  ocenrring. 

Observations  to  be  made. — The  l)locks  carrying  tlieir  varied  masses  are 
drawn  aside  from  the  perpendicular,  by  threads  fixed  to  them  and  passing 
through  the  eyelets  shown.  The  blocks  may  then  be  simultaneously  released, 
if  necessary,  by  letting  the  threads  go  together.  Or,  better  still,  a  continu- 
ous thread  may  be  tightly  stretched  to  maintain  the  blocks  at  rest,  by  the 
aid  of  catches.  Counterweights,  fixed  to  the  catches,  fall  and  release  the 
bodies  when  the  thread  is  let  loose. 
It  will  then  be  observed,  that — 

(a)  Effects  jyroduccd  are  ^jroportional  to  momenta. 

{h)  Momenta  are  proportional  to  mass  'tnultiplied  by  speed. 

(c)  The  total  momentum  is  not  affected  hy  a  redistribution  taking  place. 
A'ary  the  masses  and  the  speeds  as  much  as  possible,  and  enter  the 
results  in  tabular  form.  It  is  especially  important  to  note,  that  the  total 
momentum  remains  the  same  (except  for  unavoidable  errors  from  the  im- 
perfection of  the  apparatus  employed)  when  one  block  in  its  motion  carries 
the  other  along  with  it.  The  momentum  is  now  distributed  over  a  larger 
mass,  and  the  speed  is  not  so  large.  Also,  if  the  two  blocks  are  arranged  to 
possess  the  same  momentum,  and  to  meet  in  a  vertical  position,  when  going 
in  opposite  directions,  they  will  come  to  rest.  In  this  case,  we  perceive 
that  direction  has  to  be  taken  into  account,  in  making  statements  about 
momentum  and  its  distribution.  In  calculating  the  net  results  of  exchanges 
of  momentum,  positive  vahtes  must  be  balanced  against  negative  ones. 

Additional  effects,  forming  an  instrnctive  development  iti  tlie 
nse  of  this  apparatus,  may  be  obtained  by  employing  blocks  on  the 
opposed  faces  of  which  the  halves  of  an  old  billiard  ball  are  fixed. 
Among  other  things,  the  individual  movements  after  impact  are  to 
be  observed. 

A'^ote. — It  is  worth  while  considering  at  this  stage,  that  the 
handing-on  of  motion,  from  one  body  to  another,  has  many  points 
(^f  resemblance  with  mutual  exchanges  of  temperature.  AVhat  is 
handed  on  in  each  case  is  a  joint  quantity,  into  which  mass 
always  enters  as  a  factor.  A  magnitude  derived  from  a  quan- 
tity of  matter  plus  a  quantity  of  motion  can  be  shared  with,  or 
conveyed  to,  another  body,  and  so  can  that  of  a  quantity  of  matter 
jylus  temperature. 

It  is  these  compound  quantities  which  give  us  our  ideas  of 
energy,  energy  being  always  something  connected  with  matter. 
And  their  attendant  phenomena  are   looked  on  as  several  mani- 
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festations  of  the  same  thing,  energy,  because  it  is  well  known, 
that  during  its  transfer  from  one  body  to  another  it  may  change 
its  form  completely.  That  u-hich  is  made  up  of  mafter  and 
motio7i  in  one  body  or  system  of  bodies  may  become  matter  and 
temperature  or  matter  and  electric  state  in  another  situation. 

Pressure  and  Stress. — The  effects  of  pressure  are  most 
readily  observed  in  liquids,  because  of  the  quickness  and  complete- 
ness Avith  which  liquids  adapt  themselves  to  new  shapes.  The 
simplest  effect  of  stress,  however,  is  that  which  occurs  in  the  use 
of  a  plumb-line.  A  heavy  body  suspended  by  a  flexible  cord 
shows,  by  the  tightness  and  vertical  position  of  the  cord,  that 
there  is  a  stress  between  the  earth  and  that  body,  and  that  the 
stress  acts  in  a  certain  direction.  This  direction  is  vertical.  The 
plumb-line  is  used  to  mark  a  vertical  position,  and  it  does  so 
because  the  earth-stress  acts  in  this  direction. 

It  may  be  pointed  out  that  the  reason,  why  it  is  so  frequently 
necessary  to  learn  the  true  vertical  direction,  is  because  of  this 
great  fact  of  our  existence,  the  existence  of  a  stress  between  all 
bodies  and  the  earth  as  a  whole,  and  one  which  is  exerted  in 
the  most  direct  fashion,  that  is,  along  the  nearest  route.  Every 
v/orkman,  who  is  engaged  in  erecting  any  kind  of  structure  upon 
the  surface  of  the  earth,  directs  his  work  in  accordance  with  this 
fact.  He  has  to  take  it  into  account  in  everything  he  does,  and 
this  is  why  he  consults  his  plumb-line  so  frequently.  INIoreover, 
every  individual,  consciously  or  unconsciously,  regulates  every 
one  of  his  movements,  and  most  of  his  actions,  in  agreement  with 
this  universal  earth-stress  or  gravitation. 

Existing  as  it  does  and  being  unavoidable,  it  is  as  well  to  give 
the  stress  full  play,  and  to  make  use  of  it.  Its  effects  upon 
liquids  contained  in  vessels  may  be  readily  studied. 

In  the  first  place  it  may  be  noted,  that  when  a  liquid  is  at 
rest  its  whole  free  surface  is  in  the  same  horizontal  plane,  except 
where  it  is  in  contact  with  some  solid,  for  example,  at  the  sides 
of  the  vessel  containing  it.  .Now  this  is  true,  even  if  we  have 
the  surface  of  the  liquid  broken  up  into  fragments  by  the  shape 
of  the  vessel  which  holds  it.  For  example,  the  liquid  in  the 
vessels  in   Fig.   8  has  more  than  one  free  surface,  but  each  part 


LIQUID  EQUILIBRIUM 


97 


is  in  the  same  plane.     This  is  what  is  intended  to  be  described 
when  we  say,  that  a  liquid  finds  its  own  level. 

Investigate  an  ordinary  spirit-level,  and  notice  that  the  move- 
ment of  the  imprisoned  bubble  of  air,  which  decides  whether  the 
instrument  is  horizontal  or  not,  is  a  result  of  this  tendency  on 
the  part  of  all  parts  of  a  liquid  to  find  their  "  own  level."  It  is 
only  when  the  enclosed  bubble  has  moved  into  a  position,  in 
Avhich  the  liquid  on  each  side  of  it  is  at  the  same  level,  that  the 
bubble  comes  to  rest.  The  air  will  always  move  to  the  highest 
point,  and  if  the  tube  containing  it  is  laid  lengthways  a  diverg- 


FlG.  8. — Vessels  designed  to  show  that  each  part  of  the  free 
surface  of  a  liquid  is  in  the  same  plane,  however  much  it 
is  broken  \\\>. 

ence  from  the  horizontal  is  at  once  perceived.  More  will  be 
learnt  from  actual  examination  and  use  of  this  instrument  than 
from  description.  Notice  that  it  is  essential  for  the  tube  to  be 
properly  set  in  its  case,  or  wrong  inferences  may  be  made. 

Equilibrium  between  the  Parts  of  a  Liquid. — The  facts 
of  equilibrium,  which  show  themselves  wheneA'cr  the  lever  and 
similar  machines  are  in  use,  appear  again  in  the  behaviour  of 
liquids.  By  watching  the  behaviour  of  a  liquid,  such  as  water, 
in  irregularly  shaped  vessels,  many  facts  which  are  noticed  in 
the  action  of  machines  will  be  encountered.     In  the  vessels  A 
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B,  and  G  (Fig.  8),  the  surface  which  is  directly  exposed  to  the 
atmosphere,  and  therefore  to  the  same  pressure,  is  always  at  the 
same  level,  if  all  the  parts  of  the  liquid  are  in  touch.  The  parts 
of  a  continuous  licpiid  which  are  exposed  to  the  same  pressure 
will  be  in  the  same  plane.  Now  it  does  not  matter  how  many 
such  parts  there  may  be,  nor  how  various  may  be  their  sizes. 
In  JJ,  for  example  (Fig.  8),  the  surface  s  may 
be  many  times  larger  than  s',  yet  their  level  js 
the  same.  Moreover,  since  the  liquid  is  at  rest 
as  a  whole,  the  liquid  in  the  thinner  limb 
balances  that  in  the  thicker  branch.  Then  Ave 
have  something  in  the  nature  of  the  liquid, 
which  permits  this  balancing  of  apparently  un- 
equal parts,  just  as  the  lever  permits  unequal 
masses  to  balance  one  another. 

By  using  a  tube  with  one  end  closed   (e.g. 

Fig.    9),    various    differences    of    level    may  be 

obtained.     To  obtain  different  levels  in  the  two 

limbs,   it  is  necessary  to   displace   a   portion  of 

the  air  which    may  remain    within    the  closed 

YiG  9.— Tube  with    ^^^^^-     This  is  easily   performed  by  turning  the 

one   eud  closed    tube    sideways,    and,    if    necessary,    the    whole 

for      obtaining    q£   ^]^g   ^[j,  ^-^j^y   \yQ   displaced.      There    is    evi- 

ences  in  level  '    tleutly  a  great  difference  in  the  results,   when 

a  liquid    surface  is  not  directly  exjiosed  to  the 

atmosphere,   and   a    little    consideration   and   experimental    work 

Avill  show  the  reason  for  the  difference. 


Practical  Work. 

1.  Pour  a  little  water  into  a  U-tube.  Note  that  it  stands  at  tlie  same 
level  in  each  limb.  Add  more  Avater,  and  note  that  after  a  few  oscillations 
the  liquid  settles  down  to  a  new  but  similar  level  in  both  limbs.  (These 
oscillations  are  themselves  of  interest.  It  will  be  found  on  timing  them, 
that  they  are  of  equal  period,  that  is,  take  the  same  time.) 

2.  Use  a  tube  of  shape  C  (in  Fig.  8)  and  note,  that  an  addition  of  liquid 
to  either  branch  does  not  upset  the  similarity  of  level.  After  a  few 
moments,  the  level  will  be  seen  to  be  alike  on  both  sides.  (It  affords 
more  certaintj'  to  the  observer,  if  levels  are  marked  by  a  pencil  on  a  strip 
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of  paper  fastened  ou  the  tube.)  Note  also  that  a  hirge  quantity  of  water 
must  be  added  to  the  wider  limb,  to  cause  a  rise  of  a  small  quantity  of 
water  in  the  narrower  limb. 

Here  again  we  perceive  an  analog}^  with  the  lever.  The 
smaller  quantity  of  matter  is  able  to  maintain  a  balance  with  a 
larger  quantity  under  certain  conditions.  The  condition  in  the 
case  of  the  lever  is  the  agency  of  a  rigid  bar  turning  upon  a  given 
point.  In  the  case  of  liquid  equilibrium,  the  corresponding 
residts  are  obtained  through  the  form  given  to  the  liquid  by  the 
vessel  containing  it.  In  each  instance  shape,  or  relative  disposi- 
tion of  parts,  is  an  important  feature, 

3.  Cork  up  one  of  the  branches  of  a  U-shaped  tube  and  fill  that  branch 
by  inverting  the  tube.  Add  and  remove  water  from  the  open  tube,  and 
note  the  result. 

Satisfy  yourself  as  to  the  reason,  why  the  water  remains  in  the  closed 
branch,  even  when  most  of  the  water  has  been  removed  from  the  open 
branch.     Is  there  any  limit  to  this  ? 

4.  Use  a  vessel  with  limbs  of  unequal  bore,  and  note  the  cliangc  of 
level  produced  in  the  wider  limb,  by  a  given  alteration  of  level  in  the 
narrower  limb.  That  is  to  say,  ascertain  by  observation  the  quantities  of 
water  which  balance  one  another  in  the  two  limbs. 

To  do  so,  either  («)  calculate  the  volume  of  water  which  is  introduced 
to  each  side,  by  measuring  the  diameters  of  the  branches,  and  noting  the 
linear  distance  between  successive  levels  by  the  aid  of  scales  placed  behind 
them,  or  (6)  add  a  known  volume  of  water  to  the  smaller  branch  and  notice 
the  elevation  of  level  taking  place  in  both  lindjs. 

It  is  easy  to  perceive  that  this  known  volume  has  descended  a  certain 
distance  after  touching  the  li(piid  previously  present.  Were  this  not  so, 
the  difference  between  the  original  level  and  the  present  one  would  rei)resent 
tlie  vdlume  added.  In  other  words,  if  25  cubic  centimetres  were  aihled, 
then  25  cubic  centimetres  would  be  contained  lietween  the  old  and  tlie  new 
level.  But  this,  it  can  be  easily  seen,  is  not  the  case.  We  may  say, 
then,  that  the  25  cubic  centimetres  of  water  have  moved  down  through  a 
measural)le  distance.  In  the  meantime,  and  in  correspondence  with  this 
event,  another  quantity  of  water  has  moved  njnvards  through  a  certain 
distance. 

It  is  important  to  measure  practically  the  extent  of  these 
movements,  and  the  quantities  moved,  in  this  important  mutual 
change,  and  to  perceive  that  the  principle  is  the  same  as  that  of 

all  machines,  namely,  the  effort  expended  is  equal  to  the 
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work  done,  when  all  the  components  of  both  effort  and 
performance  are  considered. 

The  relative  displacements  of  water  are  inversely  proportional 
to  the  quantities  displaced.  We  may  consider  the  water  origin- 
ally present  to  be  incompressible,  to  be  a  species  of  lever,  in  fact, 
and  the  quantity  raised,  compared  with  the  quantity  falling,  will 
depend  upon  the  shape  of  the  vessel.  Tlie  sectional  area  of  the 
branches  will  be  perceived,  on  reflection,  to  correspond  to  the  length 
of  the  arms  of  the  lever. 

In  the  various  observations  just  concluded,  the  properties  of 
liquids  have  been  taken  as  understood,  and  the  effects  of  the 
pressure  of  the    atmosphere    have    been    considered   as    known. 

Now  the  chief  facts  about 
all  fluids,  whether  gases  or 
liquids,  that  concern  us  in 
experiments  of  this  kind 
are : — 

L   21iat  tJie  pressure  in 
a  fluid  at  rest  in- 
creases     with      the 
depth,  and 
2.   That  the  pressure  is 
exerted     similarly     in     all 
directions. 

With  regard  to  the  pres- 
sure of  the  atmosphere,  the  chief  thing  to  remember  is,  that  it 
is  exerted  upon  everything  exposed  to  it,  the  surfaces  of  li(iuids 
as  well  as  of  solids.  Liquids  being  easier  than  solids  to  alter  in 
shape,  they  are  more  readily  modified  by  this  constant  and  uni- 
versal pressure  of  the  atmosphere. 

To  demonstrate  these  facts  in  the  case  of  a  liquid,  the 
following  experiments  may  be  performed. 

1.  Bend  glass  tubing  into  the  shapes  shown  in  Fig.  10,  and  place  some 
mercury  in  them  to  fill  the  bend,  as  shown.  Notice  that  the  lower  the 
position  of  these  tubes  in  the  water,  the  farther  the  mercury  is  pushed  up 
the  long  branch,  of  which  the  opening  is  to  be  kept  above  the  surface  of  the 
water.     Notice  too  that  it  does  not  matter  whicli  tube  is  used.     That  is, 


Fig.  10. — Tubes  of  various  shapes  for  show- 
ing pressure  to  be  the  same  in  all  direc- 
tions at  the  same  depth  in  a  liquid. 


OBSKRVAtiONS  OF  EFFECTS  OF  PRESSURE    loi 

tlie  pressure  is  shown  to  be  the  same  no  matter  the  direetiou  from  which  it 
comes,  provided  only  the  dejith  be  the  same. 

2.  It  is  i)ossible  to  jirove  the  same  point  for  tlie  pressure  of  the  atmos- 
phere, namely,  that  the  depth  of  air,  or  quantity  of  air  above  the  object, 
determines  the  pressure  upon  it.  To  do  so  some  form  of  barometer  should 
be  used. 

A  delicate  aneroid  will  show  the  diflerence  in  going  from  one 
floor  to  another,  and  still  more  the  difference  in  going  np  a  slight 
hill.  An  ordinary  mercury  barometer  will  stand  at  a  level  which 
varies  slightly,  but  perceptibly,  at  the  top  and  bottom  of  a  high 
building.  And  it  matters  nothing,  how  the  pressure  is  received, 
whether  downwards,  sideways,  or  upwards.  Though  the  mercury 
barometer  always  receives  its  pressure  downwards,  the  aneroid 
reads  alike  in  all  positions. 

Note. — The  word  pressure  must  not  be  confused  Avith  the 
Avord  iceiglit.  The  pressure  at  any  point  in  a  fluid  is  due, 
in  all  the  illustrations  so  far  given,  to  the  weight  of  the  fluid 
above  that  position.  ]-]ut  the  pressure  on  the  piston  of  a 
steam-engine  is  not  due  to  weight.  JS'otice  also  that  we  are  not 
crushed  under  the  weight  or  pressure  of  the  atmosphere,  because 
it  is  the  same  in  all  directions,  a  fact  which  all  fluids  exhibit. 
Inside  and  outside,  and  upwards  and  downwards,  the  pressure  at 
a  given  level  is  the  same. 

Further  Observations  of  the  Effects  of  Pressure, 
Atmospheric  or  Otherwise. 

1.  Any  kind  <)[■  flexi])le  Iiag.  from  which  some  of  tlie  air  is  ex[iclled  by 
heating,  will  collapse  when  cooling  takes  place,  if  the  mouth  be  tied.  Here 
the  hot  air  contracts  on  cooling,  tills  less  space,  and  the  pressure  outside 
crushes  tlie  bag.  No  result  occurs,  unless  comnuinication  between  the  air 
inside  and  outside  is  prevented.  If  that  exchange  is  allowed  to  take  place, 
no  alteration  of  shape  takes  place,  for  the  fall  of  pressure  inside  the  l>ag  on 
cooling  is  soon  readjusted  by  the  entrance  of  air  from  outside. 

2.  Show  that  a  piece  of  paper  may  be  made  to  keep  the  water,  filling  a 
tumbler,  from  falling  out  when  the  tumbler  is  inverteiL 

3.  Show  that  water  remains  in  a  pipette,  so  long  as  the  upper  end  is  closed 
by  a  finger.  Why  does  this  happen,  while  the  water  runs  from  a  wider 
o[iening,  even  if  there  is  no  other  entrance  for  the  air  ? 

4.  Measure  the  pressure,  which  is  exerted  by  the  atmosphere  on  a  given 
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area,  by  oltserving  the  dimensions  of  the  coluiim  of  mercury  supported  in 
the  barometer.  The  density  of  mercury  is  13-6,  i.e.  each  cubic  centimetre 
contains  13-6  grams,  and  each  cubic  centimetre  will  weight  or  press  upon  a 
surface  as  much  as  13 '6  grams. 

Note  that  the  manipulation  of  the  barometer,  when  tilled  with  mercury 
and  inverted  in  its  cistern,  biings  it  about,  that  there  is  no  pressure  from  the 
atmosphere  on  the  top  of  the  mercury  column.  Indeed,  the  outer  surface  of 
the  barometer  tube  receives  the  pressure  and  shields  the  mercury  column. 

5.  Heattlie  air  in  a  large  flask,  and  Avhile  it  is  still  hot  tie  a  sheet  of  thin 
indiarubber  tightly  over  the  mouth  of  the  flask.  Notice  that  as  the  ait 
within  the  flask  cools,  the  atmosphere  presses  more  and  more  inwards.  The 
pressure  on  one  side  of  the  sheet  diminishes,  and  is  unable  to  counterbalance 
t!ie  pressure  on  the  other  side,  as  occurs  under  ordinary  circumstances. 
The  equality  of  pressure  from  all  sides  usually  prevents  the  atmosphere 
pressure  being  jicrceptible. 

Machines. — All  luacliiucs  are  alike  in  one  respect.  Tliey 
may  differ  very  nuicli  in  appearance,  and  present  a  great  variety 
of  feature,  but  they  all  serve  the  same  kind  of  purpose.  They 
are  all  intended  to  perform  some  kind  of  work  in  the  most  con- 
venient manner,  or  rather,  they  are  intended  to  perform  work  Avith 
as  little  inconveriience  as  possible.  Effort  is  always  needed  for  the 
performance  of  work,  and  no  machme  can  do  away  with  the 
necessity  of  effort,  nor  can  it  even  diminish  the  effort  required, 
but  it  can  enable  us  to  apply  the  effort  in  a  more  convenient 
manner. 

The  lever,   wheel  and  axle,  and  system  of  pulleys 

ilhistrate  tliis  statement.  Each  of  these  machines  enables  Iwdies 
to  be  raised  away  from  the  earth  more  readily  than  can  be  done 
without  such  assistance.  But  none  of  them  diminislies  the  total 
effort,  required  to  produce  a  given  effect,  though  it  may  seem  to  do 
so.  If  the  lever  has  a  long  arm,  and  the  effort  is  applied  at 
its  extremity,  the  effort  needs  to  be  continued  for  a  longer  time, 
or,  what  is  the  same  thing,  over  a  longer  distance,  than  w<;)uld 
be  tlie  case  with  a  shorter  arm.  If  you  are  able,  by  means  of 
a  pulley-block,  to  raise  a  body  which  resists  your  unaided  efl'orts, 
you  will  notice,  that  the  cord  which  you  pull  moves  through  a 
long  distance,  while  the  body  moves  but  little.  In  fact,  each 
machine  enables  you,  in  a  fashion,  to  do  your  work  in  hits. 

Apparatus. — A  fairly  rigid  and  hard  wooden  lath,  about  three  feet  long. 


CONCLUSIONS  103 

is  fixed  at  its  centre,  so  as  to  move  freely  in  a  vertical  plane.  Any  bearing 
or  fixing  -which  is  convenient  will  serve  the  purpose  required.  A  knife- 
edge,  supplied  l>y  an  old  three-cornered  file,  passing  through  the  lath  and 
bearing  on  an  iron  plate  arranged  in  bracket  fashion,  or  a  smooth  iron  pin 
passing  through  the  lath  and  supported  in  a  metal  stirrup,  made  of  sheet 
iron  or  stout  wire, — any  mode  of  support,  in  fact,  which  permits  of  free 
movement  about  an  axis,  will  serve  our  purpose.  "Wherever  this  apparatus 
is  fixed,  it  is  advisable  to  have  means  of  preventing  the  rod  from  making 
a  comjilete  turn.  As  its  use  will  only  be  to  balance  one  weight  against 
another,  some  stop  should  be  employed.  The  rod  should  have  successive 
inches  marked  ui)on  it,  on  each  side,  starting  from  the  centre  of  its  pivot  or 
fLdcrum.  This  arrangement  will  enable  us  to  study  the  principle  of  the  lever. 
Experiments. — Suspend  varying  weights,  1,  2,  4  lb.,  etc.,  at  varying 
distances  i'rom  the  pivot,  and  find  the  conditions,  which  regulate  the 
weights  and  the  lengths  of  arm  necessary  for  the  maintenance  of  balance. 
S-shaped  hooks  are  most  convenient  for  suspending  the  weights,  and  they 
maj'  be  made  of  copper  wire.  Vary  the  weights  on  each  side,  and  adjust 
the  distances,  until  equilibrium  results.  Draw  up  a  table  of  your  results. 
If  a  suflBcient  number  of  observations  be  taken,  it  will  be  found  that  the 
turning  effect  of  a  given  weight  increases  with  its  distance  away  from  the 
pivot.  For  example,  2  lb.  at  a  distance  of  12  in.  balances  6  lb.  at  a 
distance  of  4  in.,  and  so  on. 

Conclusions. — l!^o\v  from  this  it  follows,  that  a  little  more 
than  2  lb.  would  raise  the  larger  weight  of  6  lb.  under  these 
circumstances,  and  all  that  is  needed  to  obtain  a  great  result  from 
a  small  exertion  is  to  apply  it  at  an  appropriate  distance  and 
for  a  corresponding  period  of  time  under  such  conditions  as  we 
have  in  this  experiment. 

At  the  same  time  it  is  important  to  note,  that  any  displace- 
ment of  the  machine  here  being  investigated  takes  place  according 
to  a  certain  plan  or  lav.  The  product  of  One  weight  into 
its  vertical  displacement  is  equal  to  the  product  of  the 
other  weight  into  its  vertical  displacement.  A  little  con- 
sideration will  show,  that  the  vertical  movements  depend  upon  the 
distance  at  which  the  weights  are  fixed  with  regard  to  the  pivot. 

It  is  easy  to  show  by  drawing  a  figure,  and  measuring  the 
distances,  that  the  vertical  distances  are  proportional  to  the  length 
of  the  arms.  This  fact  is  also  capable  of  geometrical  proof.  And 
this  lesson  is  by  far  the  most  unportant  one  which  the  apparatus 
can  teach  us.     It  is  so  important   that   it   is  worth  repeating. 
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The  agent  producing  the  effort  must  move  through  a  long  distance, 
if  the  body  displaced  by  it  be  a  large  one.  The  balance  of  a  large 
body  by  a  smaller  one,  in  this  experiment,  is  typical  of  every 
instance  of  so-called  mechanical  advantage  which  Avill  ever  come 
before  us,  and  it  ilhistrates  an  important  law  of  nature.  When- 
ever, to  take  a  familiar  example,  a  crowbar  is  used  to  dislodge 
a  heavy  weight,  which  would  be  unmovable  but  for  this  principle, 
it  is  evident,  that  a  small  effort  moving  through  a  large  distance 
can  overcome  a  larger  resistance  through  a  small  distance. 

Other  Illustrations  of  Mechanical  Advantage. 

A  lever  as  shown  in  Fig.  11  allows  the  same  principle  to  be  observed. 

Here  the  two  contending  stresses  are  clearly  parallel  to  one  another.     By 
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Fig.  11. — Lever  and  spring-balance  arranged  to  show  results 
of  alteration  in  the  weight  and  in  its  distance  from  the 
fulcrum. 

.§=  Spring-balance.    TT'=  Weight.    /'=  Fulcrum  or  pivot.    L  =  Lever. 

spring-balance  as  .shown,  the  result  of  the  adjustable  and  movable 
mass  at  A  is  demonstrable.  The  weight  should 
be  varied,  and  the  distance  from  tlie  pivot  or 
fulcrum  changed.  The  different  readings  on  tlic 
siuiug-balance  should  be  tabulated.  The  lesults 
obtained  will  imja'css  upon  the  student,  not  only 
the  familiar  facts  about  the  behaviour  of  stresses 
which  are  similar  in  direction,  he  will  also  notice 
that  the  shape  and  rigidity  of  the  machine  brings 
about  similar  results,  when  the  stresses  are  not 
alike  in  direction.  More  information  on  this 
subject  will  lie  given  a  little  later. 

Wheel  and  Axle. — This  machine  carries  out 
the  principle,  which  is  clearly  evident  in  the 
action  of  the  lever,  that  what  is  gained  in  one 

a  change  is  lost   in  another.     The  weight  plr.ced  in  the   scale-pan 


. — Wheel  and 
Axle. 
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connected  )>y  a  cord  with  the  wheel,  as  sliown  in  tlie  figure,  is  capable  of 
counterbalancing  a  larger  weight  attached  to  the  axle.  The  ratio  between 
them  is  the  same  as  that  between  the  radii  of  tlie  wheel  and  axle,  provided 
we  neglect  the  friction  of  the  cords.  The  diagram  (Fig.  12)  shows  how  the 
stresses  due  to  the  two  bodies  ava  balanced.  The  modification  of  the  wdieel 
and  axlo  shown  in  Fig.  13  is  well  adapted  to  display  the  principle  of  that 
machine. 

Observations  must  be  made  as  to  the  ratio  of  the  weights  which  are 
needed  in  different  positions  to  atford  equilibrium,  and  also  as  to  the  relative 
distances  through  which  two  bodies  move,  wlien  one  is  just  heavy  enough 
to  displace  the  other. 

The  loads  which  are  in  equilibrium  will  always   be   those  which  are 
inversely  proportional  to  their  distance  from  the  fulcrum  or  turning-point, 
just   as  we  find  to  be  the  case  with  the  lever. 
Equal  masses  will  be  in  equilibrium  wdien  they 
are  equidistant  from  the  fulcrum. 

By  multi[ilyiug  the  magnitude  of  the  stress  or 
weight  employed  in  each  of  these  cases  by  the 
distance  from  the  fulcrum,  we  obtain  a  value 
which  is  known  as  a  Moment  or  Torque.  It  is 
obvious  that  these  values  nuist  be  equal,  and 
opposite  in  direction,  on  the  two  sides  of  the 
fulcrum,  if  equilibrium  is  to  be  maintained. 

But  the  description,  here  given,  of  a  moment 
requires  amiilification.  If  we  balance  a  weight, 
acting  vertically,  against  a  weight,  made  to  act 
at  an  angle  (and  this  may  be  done  by  passing  one 
of  the  cords  over  a  smooth  peg  so  as  to  displace 
it  from  the  perpendicular),  it  will  be  found  by 
experiment,  that  the  product  of  the  weight  (or 
tension  of  the  cord)  and  the  nearest  or  pcrjKti- 
dieiilar  distance  of  its  line  of  action  from  the 
lulci-um  denotes  the  value  of  tlie  torque  or  moment. 

A  Single  Movable  Pulley.— A  movable  pulley  and  a  fixed  one  will 
together  illustrate  very  readily  the  advantage  to  be  obtained  from  the  use 
of  pulleys.  A  known  mass  is  attached  to  the  free  end  of  a  cord  passing  over 
tlie  pulleys,  as  shown  in  Fig.  14,  and  it  is  found  capable  of  raising  a  weight 
nearly  double  itself  in  quantity.  The  weight  raised  is  evidently  that  due 
to  the  larger  mass,  together  with  that  of  the  movable  pulley  to  wdiich  it  is 
fixed.  But  it  must  not  be  forgotten  that  the  stress  employed  has  to  over- 
come a  certain  amount  of  resistance  in  the  cord  wdiich  is  used.  Then  taking 
these  things  into  account,  the  statement  ^^■llich  was  made  about  the  lever 
holds  true  of  the  pulley.  When  there  is  equilibrium,  the  stress  between 
the  earth  and  one  body  is  able  to  counteract  that  between  the  earth  and 


Fig.  13. — Apparatus  for 
demonstrating  action 
of  the  wheel  and  axle. 
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another  body,  ami  the  arraugenient  of  pulleys  and  cord  consequently  plays 
the  same  part  in  producing  this  result  as  the  lever  did. 

Various  weights  must  he  used,  and  the  facts  practically  tested.  It  is  impor- 
tant to  measure  the  relative  distances  throughwhich  the  dilferentweights  move. 

Combination  of  pulleys.— Use  the  combination  of  pulleys,  illustrated 
in  Fig.  15,  and  measure  the  distance  through  which  the  free  end  of  the 
cord  must  be  moved  in  order  to  raise  any  given  body  a  certain  distance. 
When  the  pulleys  in  the  moving  block  are  three  in  number,  the  distances 
will  be  found  in  the  ratio  of  6  to  1.  That  is,  a  big  weight  moved  by  a 
smaller  one  would  only  move  through  one-sixth  the  distance  traversed  by 
the  smaller  one.  Here  again  it  is  found,  that  what  is  gained  in  the  con- 
venience of  being  able  to  overcome  a  large  weight  is  lost  in  distance.  But 
it  is  very  important  to  notice  at  this  stage,  that  friction  begins  to  be  a 
serious  item  as  soon  as  a  large  mechanical  advantage  is  aimed  at. 

As  more  elaborate  machines 
are  devised  with  the  view  of 
gaining  greater  advantage,  their 
aim  is  defeated  by  the  friction 
which  results  from  their  com- 
pHcated  structure.  The  area  over 
which  rubbing  occurs  becomes 
larger  and  larger.  After  a  time, 
the  loss  of  energy  in  overcom- 
ing the  friction,  at  the  nimierous 
bearings  Avhich  are  needed  and 
at  the  numerous  turnings  in  the 
cord  or  chain  employed,  becomes 
very  great,  and  seriously  dimin- 
ishes the  calculated  gain. 

Summary. — In  the  events 
occurring  in  connection  with  the 
machines  recently  described,  it 
is  clear  that  we  meet  the  same 
principle  in  each  case.  If  a  given  effort  or  power  is  to  effect  a  con- 
siderable change,  it  does  so  by  being  exerted  over  a  large)'  distance. 
The  machine  presents  the  occasion  for  watching  and  measuring 
two  sides  at  least  of  a  complicated  event.  The  total  quantity  of 
change  on  each  side  of  the  machine  is  the  same.  Indeed,  it 
would  be  impossible  to   understand  a  given  change,  when  trans- 


FiG.  14.— Two  pulleys  arranged  to 
act  tosretlier. 
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niittod  tlirougli  any  luachine,  becoming  enlarged  in  the  process. 
And,  after  all,  a  machine  does  nothing 
but  transmit  a  given  stress  through  it. 

If  the  stress  grew  as  it  was  trans- 
mitted, an  event  quite  unlike  any- 
thing else  in  nature  would  have 
occurred.  But  it  does  not  grow,  it 
merely  changes  in  form.  Or,  to  be 
more  exact,  the  components  of  the 
mutual  changes  at  each  end  of  the 
machine  are  not  alike. 

The  total  quantity  of  each  change 
is  the  same,  but  it  may  be  made  up 
of  different  values  in  the  two  in- 
stances, and  a  machme  is  somethmg 
specially  devised  to  separate  a  given 
change  into  such  compojietits  as  aj'e 
most  serviceable  and  advantageous 
to  us.  As  a  rule,  the  distance, 
through  which  a  stress  is  ex- 
erted, does  not  inconvenience 
us  as  much  as  the  magnitude 
of  the  stress  itself,  and  most 
machines  enable  us  to  over- 
come a  large  stress  through 
a  small  distance,  by  means  of 
a  small  stress  exerted  through 
a  distance  comparatively  long. 

The  ]\Ianner  in  which  a  Liquid 
hands  on  the  pressure  it 
Receives. 

The  property  which  liquids  have 
been  shown  to  possess,  namely,  the 
ability  to  transmit  pressures  equally 
in  all  directions,  finds  important  applications  in  many  kinds  of 
hydraulic    machinery.        The    mechanical    advantage,    which 


Fio.  15. — Combmation  of  two 
blocks  each  containing 
three  pulleys. 
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obtains  in  certain  cases  of  transmission   of  pressure  by  liquids, 
may  be  illustrated,  in  the  following  way* 

A  vessel  of  the  shape  shown  in  Fig.  16  is  fitted  with  a  jiiston  or  phinger, 
which  moves  easily,  in  the  smaller  branch,  and  a  movable  piston  in  the 
larger  branch.  It  is  filled  with  water.  Now  a  10  lb.  weight,  or  a  pressure 
equal  to  a  10  II).  weight,  on  the  plunger,  will  be  felt  over  every  part  of  the 
vessel  which  is  in  contact  with  the  liquid.  Every  part  of  the  surface  ex- 
posed to  the  liquid  suflfers  something  from  the  new  pressure,  and  equal  areas 
will  experience  equal  pressures.  The  pressure  of  10  lb.  weight  on  the  plunger 
or  smaller  piston  will  be  felt,  undiminished  in  quantity,  upon  each  part  of 
the  surface  of  the  larger  piston,  which  is  equal  in  area  to  itself. 

If  the  piston,  which  is  raised  by  the  depression  of  the  plunger  (for  we 
may  regard  the  water  as  incompressible),  has  a  surface,  exposed  to  the  water, 
which  is  100  times  greater  than  that  of  the  plunger,  then  the  10  lb.  will 

Obe  able  to  raise  1000 


lb.  And  tliis  is 
where  the  mechani- 
cal advantage  of  the 
arrangement  is  gained. 
A  large  pressure,  act- 
ing slowly  it  is  true, 
as  seen  from  earlier 
experiments,  may  re- 
sult from  the  exer- 
tion of  a  small  pres- 
sure. The  weight  of 
the  10  lb.  trans- 
mitted through  the  liquid  may  be  able  to  raise  one  of  1000  lb.,  or  nearly 
that  quantity. 

Apart  from  what  is  lost  in  energy  at  the  joints  of  the  con- 
trivance, from  what  is  lost,  in  fact,  through  a  species  of  friction, 
the  principle  holds  good,  and,  Avithin  the  limits  of  practical 
mechanical  construction,  any  desired  mechanical  advantage  can 
be  obtained  by  hydraulic  pressure,  that  is,  by  utilising  liquids  for 
the  transmission  of  pressure.  It  must  not  be  forgotten,  however, 
that  the  total  effect  produced  is  just  equal  to  the  total 
means  employed  to  produce  it,  provided  every  item  is 
considered  in  each  case. 

Jn  the  hydraulic  press  very  great  pressures  may  be  exerted 
by  means  of  the  .shape  and  distribution  of  the  water  contained  in 
the    press,  just  as   the   shape   of  a   lever,  or  an   arrangement  of 


Fig.  16.— Principle  of  Hydraulic  Press. 
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pulleys  or  wheels,  may  enable  us  to  exert  our  available  energy  in 
the  most  advantageous  manner.  There  are,  however,  few  ex- 
amples of  mechanical  advantage  which  cause  so  nnicli  astonish- 
ment as  the  various  hydraulic  pressing  and  lifting  machines.  The 
explanation  of  the  occurrence  must  be  sought  in  the  properties  of 
the  water,  as  well  as  in  the  shape  of  the  vessel  which  contains  it. 


CHArTEK   VI 

CHANGES   BELONG   TO   SEVERAL   CLASSES 

The  everyday  changes  that  come  under  our  notice  mostly  belong 
to  one  class.  There  are  more  changes  of  position  than  of  anything 
else.  Motion  takes  our  notice  more  frequently  than  any  other 
event.  Variation  of  day  and  night,  and  of  warmth  and  cold,  are 
striking  enough  and  important  enough,  but  they  are  usually 
another  manifestation  of  the  fact  that  a  change  has  occurred  in 
the  position  of  the  earth  with  regard  to  the  sun.  Other  kinds  of 
change  may  occur,  but  the  most  prominent  and  the  most  general 
are  those  oi  jjosition. 

Next  in  frequency  to  these  we  have  changes  of  temperature, 
and  it  has  l)een  already  suggested  that  these  two  classes  may  have 
something  in  common.  Other  familiar  events  which  come  under 
observation  in  nature  are  known  as  chemical.  They  suggest  an 
entirely  new  kind  of  occurrence,  something  more  deeply  seated, 
something  penetrating  more  intimately  into  the  substance.  The 
hurning  of  coal  or  Avood,  the  reduction  of  metals  from  their  ores, 
the  nutrition  of  plants  and  animals,  serve  as  examples  of  events 
which  belong  to  a  new  order. 

Displacement,  as  we  understand  it,  does  not  seem  to  be  con- 
nected with  these  phenomena.  There  is  some  connection  with 
change  of  temperature,  it  is  true,  for  not  only  lire,  but  many 
familiar  chemical  events  are  connected  with  heat.  Yet  on  the 
other  hand  there  is  something  very  distinctive  about  the  facts  of 
fire,  acids,  metals,  alkalies,  and  such  things. 

Frequently  the  distinctively  chemical  character  of  a  change 

does  not  at  once  appear  on  the  surface.     The  rusting  of  iron  does 

not  show  any  likeness  to  the  burning  of  fuel,  unless  considerable 
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research  is  made  into  each  of  the  changes.  It  is,  moreover,  very 
imHke  it  superficially  in  many  respects.  There  does  not  appear 
to  be  any  disengagement  of  heat  in  the  rusting  of  iron,  and  the 
event  takes  a  very  much  longer  time  than  burning.  There  is  a 
long  process  of  investigation  to  pursue  before  we  discover,  that 
the  difference  in  the  rate  of  the  changes  explains  most  of  the 
dissimilarity  between  them. 

Now  it  must  not  be  imagined  that  changes,  such  as  belong 
to  Chemistry,  and  others  equally  mysterious,  for  example,  those 
known  as  electric  or  magnetic  occurrences,  are  less  important 
because  they  are  so  much  less  prominent  than  others.  They  all 
demand  equal  attention,  and  when  it  has  been  given,  much  that 
is  difficult  to  understand  in  them  will  be  found  to  be  simplified. 

All  matter  is  capable  of  being  displaced,  that  is,  all  matter  is 
capable  of  undergoing  a  change  of  position.  Tlie  process  of  dis- 
placement is  called  motion.  Every  object  that  comes  under  our 
knowledge  undergoes,  or  may  undergo,  with  regard  to  some  other 
body,  this  kind  of  change.  We  cannot  imagine  any  body  to  be 
immovable.  Even  the  earth,  which  is  frequently  looked  upon  as 
the  sjTnbol  of  that  which  is  fixed  and  immovable,  is  known  to 
be  in  constant  and  complicated  motion.  Bodies  on  the  surface  of 
the  earth  are  fixed  only  in  proportion  to  their  quantity  of  matter, 
and,  to  change  their  position,  a  larger  or  smaller  effort  is  needed. 
The  effort  required  may  be  more  than  can  be  applied.  Still,  it  is 
felt  to  be  certain  that  this,  which  is  called  their  inertia,  is  the 
sole  limitation.  Many  bodies  do  come  under  the  influence  of 
agents  which  disturb  them,  and  it  is  argmed  that  all  bodies  may 
be  displaced  under  certain  circumstances.  With  a  meaning  which 
is  precisely  similar,  we  may  say,  that  all  objects  are  caixible  of 
undergoing  change  of  temperature.  Everything  that  ice  Icnow 
may  groio  hotter  or  colder. 

But  when  we  come  to  consider  other  changes  an  imi)ortant 
distinction  arises.  Not  every  object  can  undergo  chemical  change 
or  electric  change,  with  the  same  uniformity  as  they  may  alter  in 
position  and  temperature.  A  special  and  selective  process  comes 
into  play  with  regard  to  this  kind  of  event.  One  kind  of  object 
behaves  in  one  way,  while  another  acts  differently.     In  fact,  we 
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come  to  observe,  that  different  kinds  of  matter  exist,  and  we 
learn  tliat  tliey  are  different  kinds  of  matter,  by  tlieir  difference  in 
beliavioiir  under  given  conditions. 

We  may  state,  as  the  result  of  our  observation  in 
these  directions,  either  that  different  kinds  of  matter 
are  known  to  exist,  by  reason  of  their  difference  in 
behaviour  with  regard  to  certain  agents,  or  that  cer- 
tain classes  of  change  occur  in  different  degrees  in 
different  bodies,  and  in  some  bodies  may  not  take 
place  at  all. 

Practical  Work. — Observe  tlie  mefting  and  vaporising  of  a  little  wax 
on  heating.  Use  a  tin  tray  for  the  pnrjiose.  Melt  a  little  fusible  metal 
under  water  in  a  test-tube,  and  some  lead  in  an  iron  spoon.  Heat  a  little 
ammonium  chloride  in  a  test-tube,  and  observe  that  it  passes  directly  to  a 
state  of  vapour  without  showing  the  intermediate  liquid  state.  A  little 
iodine,  too,  illustrates  the  same  event. 

The  above  facts  represent  a  large  class.  Change  of  State, 
referring  specially  to  a  passage  from  solid  to  liquid  and  from 
liquid  to  gas,  is  a  possibility  with  most  substances.  It  is  not 
familiar  to  us  in  the  case  of  many  substances,  because  in  only  a 
few  the  change  of  temperature,  necessary  to  effect  the  change  of 
state,  is  one  which  occurs  in  nature.  The  melting  of  ice,  and  of 
a  few  other  bodies,  takes  place  in  nature  normally.  But  the  great 
mass  of  bodies,  which  do  exhibit  these  changes,  are  not  those 
which  come  prominently  before  us  in  our  daily  life.  It  hajipens 
that  we  are  most  frequently  and  most  directly  concerned  with 
organic  material,  that  is,  with  animal  or  vegetable  matter.  This 
is  so  complex  in  composition  that  many  of  our  statements  do  not 
apply  to  it.  One  thing  is  always  possessed  by  this  kind  of 
matter,  and  it  distinguishes  all  organic  material.  That  is 
carbon,  and  it  is  simply  necessary  to  take  a  piece  of  potato, 
sugar,  fat,  Avood,  or  flannel,  and  heat  it  in  a  test-tube,  to  obtain 
an  indication  of  its  presence.  Charring  soon  takes  place,  that  is, 
the  carbon  appears. 

Everything  may  change  its  state  Avith  regard  to  temperature. 
The  change  may  not  appear  on  the  surface.  It  may  be  difficult 
to  tell  whether  a  body  is  hot  or  cold,  unless  it  be  touched,  or  a 
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tlicrmometer  be  iisod ;  but  everything,  wood,  .stone,  clothes,  etc., 
may  vary  in  this  respect,  just  as  everything  may  move,  though 
the  striking  change  of  properties,  which  occurs  in  many  cases 
wlien  the  range  of  temperature  is  sufficiently  varied,  and  is  called, 
with  s})ecial  application,  a  change  of  state,  may  not  be  possible  in 
the  case  of  Avood,  clothes,  and  similar  material.  The  explanation 
of  this  lies  in  the  fact,  that  certain  intimate  events  known  as 
chemical  changes  occur  in  these  substances,  before  the  temperature 
requisite  for  a  change  of  state  can  occur.  Flannel  or  wood,  for 
example,  cannot  be  liquefied,  because  they  cease  to  be  flannel  or 
wood,  before  they  can  be  heated  to  the  melting-point. 

We  have  here  an  example  of  what  frequently  occurs  in  our 
work,  one  kind  of  change  goes  on  at  the  same  time  as  another, 
and  in  consequence  it  is  often  difficult,  and  sometimes  it  is  impos- 
sible, to  ascertain  what  would  be  the  final  residt  of  a  given  change, 
proceeding  independent!  1/  of  all  others. 

Yet  we  cannot  fail  to  admit  the  obvious  fact,  tliat  all  bodies 
are  capable  of  varying  to  some  extent  in  temperature.  There 
may  be  limits  placed  to  this  variation  by  the  fact  that  decomposi- 
tion, that  is,  a  process  of  internal  disruption,  may  occur  in  certain 
instances,  though  there  are  a  large  number  of  bodies  which  may 
pass,  under  the  influence  of  heat,  from  solid  to  liqxiid  and 
gas. 

In  industries  and  manufactures,  physical  changes  of  all  kinds 
are  set  in  motion  and  controlled,  but  there  is  no  change  which  is 
so  frequently  encountered,  or  so  important  in  its  eff"ects,  as  that  of 
temperatiu-e,  whether  we  look  to  the  products  of  civilisation,  and 
natural  phenomena,  or  have  regard  for  our  own  physical  well-being. 
The  acquisition  of  metals  from  their  ores,  the  fashioning  of  metals 
to  useful  purposes  when  obtained,  the  chain  of  physical  circum- 
stances under  which  we  live,  and  to  which  Ave  are  so  necessarily 
subjnissive,  that  condition  of  sky  and  atjuosphere  Avhich  we  call 
Aveather,  and  that  surrounding  of  land,  river,  sea,  and  mountain 
Avhich  makes  for  us  a  boundary  to  action  and  encloses  oiu:  lives, 
all  these  things  take  their  form  and  shape  from  changes  of 
temperature,  and  heat  is  the  source  of  their  ceaseless  A^ariability 
and  uninterrupted  transformations. 


114     CHANGES  BELONG  TO  SEVERAL  CLASSES 

Air  needed  for  Burning-. — A  caudle  supported  on  a  wire  is  liglited  aud 
I)laced  within  a  tall  glass  cylinder.  The  candle  continues  to  burn  as  usual. 
Now  close  the  toj^  of  the  jar  so  that  the  supply  of  air  to  the  flame  is  limited 
to  the  air  inside  the  vessel.  The  flame  diminishes  and  disapi>ears.  Kelight 
the  candle,  and  observe  the  effect  of  admitting  air  just  before  the  flame  goes 
out.  It  is  interesting  also  to  notice  the  circulation  of  the  air,  when  a  piece 
of  cardboard  forms  a  partition  between  the  entering  and  the  passing  air.  The 
candle  will  be  seen  to  burn  more  brightly  when  such  a  partition  is  made. 

Observe  the  change  brought  about  in  the  air,  in  which  a  candle  has  been 
burning.  Notice  that  lime-water  shaken  up  in  the  vessel  becomes  milky  at 
once,  whereas  lime-water  changes  very  little  when  shaken  in  ordinary  ai"!-. 
It  may  be  inferred  that  the  results  of  burning  will  be  always  present  to  some 
extent  in  our  atmosphere,  and  that  this  is  why  lime-water  is  sonie\\liat 
changed  when  it  is  exposed  to  the  air.  But  the  air  in  which  burning  has 
just  taken  place  is  very  distinctly  altered.  It  must  not  be  assumed,  how- 
ever, that  all  substances  bring  about  the  same  change  in  the  air  in  which 
they  burn. 

With  precautions,  burn  a  small  piece  of  phosphorus  in  a  small  vessel 
floating  on  the  surface  of  water  underneath  a  bell-jar.  Note  that  the 
water  rises  inside  the  jar,  after  the  burning  is  over,  aud  the  air  has  cooled 
again.  The  same  fact  may  be  demonstrated,  by  burning,  with  care  and 
under  supervision,  a  small  piece  of  phosphorus  in  a  vessel  closed  by  a  tightly 
fitting  cork.  On  cooling,  the  vessel  may  be  opened  with  its  mouth  under 
water.  Water  will  then  rise  inside  the  vessel.  The  flask  should  be  dried 
carefully  beforehand,  and  the  phosphorus  may  be  jila^ed  on  a  piece  of 
asbestos.  An  indiarubber  cork  is  advisable,  or  an  ordinary  cork  well 
soaked  in  paraffin. 

That  part  of  the  air  which  has  disappeared  is  the  one  capable 
of  supporting  combustion.  It  is  called  oxygen.  It  has  been 
proved  by  experiment,  that  this  portion  of  the  air  is  also  a  requisite 
for  the  life  of  animals.  A  kind  of  combustion  or  oxidation  forms 
part  of  their  existence.  This  fact  having  been  settled  beyond  doubt, 
it  Avould  be  an  act  of  needless  cruelty  to  repeat  the  ex^ieriment. 

Use  lime-water,  in  the  same  way  as  in  the  last  experiment,  in  the  vessel  in 
which  phosphorus  has  been  burnt,  and  it  will  be  found  that  no  turbidity 
occurs.  The  products  of  combustion  in  this  case  are  unlike  those  in  the 
latter. 

On  shaking  lime-Avater  in  a  vessel  containing  air  from  the  lungs,  the 
turbidity  occurs,  showing  that  there  is  a  likeness  between  the  air  from  the 
lungs  and  that  in  which  carbonaceous  matter  has  been  burnt.  Wax,  fat,  oil, 
wood,  and  paper  all  contain  carbon,  and  so  does  the  substance  of  animals 
and  plants. 
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Although  thermal  changes  may  take  place  in  all  bodies,  and 
although  all  kinds  of  matter  are  liable  to  experience  change  of 
tt-mperature,  all  kinds  of  matter  are  not  alike  in  their  behaviour  in 
1  liese  respects.  In  the  case  of  what  is  known  as  conduction  of 
lieat,  a  very  great  variety  of  behaviour  is  manifested.  Some  bodies 
tiinduct  heat  badly  or  scarcely  at  all,  Avhile  others  conduct  very 
readily.  There  are  gOod  and  bad  conductors  of  heat,  and  the 
process  of  conduction,  that  is,  the  transfer  of  the  quality  which  we 
recognise  as  hotness,  varies  very  considerably,  in  accordance  with 
the  nature  of  the  substance  undergoing  it.  With  the  same  sub- 
stance and  with  the  same  conditions,  the  conduction  takes  place  in 
the  same  fashion,  and  the  manner  of  conduction  is,  in  most  cases, 
quite  as  fixed  a  mark  or  property  of  a  body  as  its  appearance  or 
any  other  property  by  which  it  may  be  identified. 

Practical  Work. — Coat  with  paraffin,  rods  of  wood  (penholder),  glass, 
iron,  and  copper  of  about  the  same  thickness,  and  same  length,  and  pass 
tliem  the  same  distance  through  a  cork.  The  cork  is  now  fitted  to  a  fiask 
full  of  boihng  water  and  the  flame  removed.  The  ends  of  the  rods  dipped 
in  the  water,  and  are  therefore  of  the  same  temperature.  It  will  be  found, 
at  the  eud  of  a  few  minutes,  the  paraffin  on  the  rods  is  melted  through 
ditferent  lengths.  On  the  wood  and  the  glass  it  may  not  be  affected  (a  short 
stick  burning  at  one  end  is  unaffected  at  the  other),  while  the  metal  rods 
will  show  traces  of  the  transfer  of  heat,  the  most  rapid  in  the  case  of  copper. 
Refinements  and  modifications  of  this  experiment  may  be  carried  out  and 
relative  values  obtained. 

The  contact  of  one  body  with  another  of  different  temperature 
will  bring  about  results  which  vary  under  different  circumstances. 
Some  substances  will  rapidly  assume  the  same  thermal  state  as 
that  of  the  body  which  they  touch.  Such  bodies  are  said  to  be 
good  conductors.  Others,  called  bad  conductors,  only  come  to 
equilibrium  with  a  body  of  higher  or  lower  temperature  very 
slowly.  The  process  of  arriving  at  the  same  temperature,  on  occa- 
sions when  bodies  are  in  difi"erent  states,  will  vary  in  speed 
according  to  the  nature  of  the  substances,  and  the  process  in 
■question  is  spoken  of  as  the  conduction  of  heat.  At  the  same 
time  it  must  not  be  forgotten,  that  the  use  of  the  term,  conduction 
of  heat,  does  not  imply  any  real  knowledge  of  what  is  actually 
taking  place. 


ii6     CHANGES  BELONG  TO  SEVERAL  CLASSES 

When  we  come  to  consider  another  class  of  event,  namely, 
those  which  are  electrical,  more  marked  differences  arc  exhibited 
by  different  kinds  of  matter,  and  these  differences  are  best  realised 
by  actnal  observation. 

Practical  Work. — Rub  a  piece  of  sealing-wax  or  an  ebonite  peiiiiolder 
on  your  sleeve,  and  then  bring  it  near  to  very  small  pieces  of  jjaper.  Notice 
tliat  the  body  has  acquired  a  property  it  did  not  possess  before.  Perform 
the  same  experiment  with  a  glass  rod,  but  use  a  piece  of  silk.  Show  that 
most  other  bodies  are  not  capable  of  acquiring  this  property,  that  is,  tliey 
cannot  be  electrified  by  friction. 

Consider  how  this  fact  may  be  best  described.  What  has 
been  observed  1  Small  bodies,  which  are  in  the  neighbourhood  of 
certain  kinds  of  matter  in  a  certain  state,  are  set  m  motion. 
Actual  contact  is  not  necessary.  The  space  around  the  electrified 
body  seems  to  be  altered.  Demonstrate  this  more  clearly  by 
suspending  a  light  body,  such  as  a  piece  of  pith,  by  a  silk  thread 
and  bringing  the  electrified  body  near  it. 

This  property  is  lost,  when  the  object  exhibiting  it  is 
touched  all  over  by  the  hand,  or  passed  through  a  flame.  By 
careful  insulation,  and  by  preventing  contact  with  the  hand,  the 
same  state  may  be  induced  in  a  metal. 

Use  an  electrophorus.  An  ebonite  plate,  which  has  been  carefully  dried 
(moisture  preventing  the  phenomena  from  occurring)  is  vigorously  rubbed 
with  flannel,  and  a  metal  plate  with  a  glass  handle  is  placed  upon  the 
ebonite,  touched  for  a  moment  bj'  the  hand,  and  raised.  It  will  be  found 
capalile  of  attracting  the  piece  of  pith  or  light  object.  Use  a  gold-leaf 
electroscope,  which  will  display  with  greater  prominence,  by  the  diverg- 
ence of  the  strips  of  gold  leaf,  the  change  which  an  electrified  body  induces 
in  its  neighbourhood. 

Notice  that  a  momentary  touch  of  the  hand  discharges  the  metal  plate  of 
the  electrophorus,  whereas  a  touch  with  a  glass  rod  held  in  the  hand  does 
not  affect  it. 

It  is,  however,  immediately  discharged  by  a  piece  of  metal  held  in  the 
hand.  Herein  we  find  an  explanation  of  the  glass  or  ebonite  handle,  which 
is  necessary  for  holding  the  plate  when  it  is  charged. 

There  appears  then  to  be  a  separation  of  bodies  into  ttco  classes. 
Those  which  discharge,  and  those  which  do  not  discharge,  an 
electrified  body.  More  accurate  and  more  extended  observations 
Avould  show,  that  there   is  no  such   rigid  distinction,  but  bodies 
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vary  within  an  extensive  range,  and  the  })r<)])erty  which  we  have 
to  consider  resembles  the  conthiction  of  heat.  8onie  hudies 
permit  electrification  to  pass  through  them  readily,  and  are  called 
conductors  of  electricity.  Others  permit  it  to  pass  with 
ditfieulty,  and  are  not  such  good  conductors,  while  others  behave 
in  such  a  way  towards  electrification,  that  they  are  called 
insulators.  There  exists  a  maximum  of  conductivity,  and  a 
maxhnum  of  insulation,  with  an  indefinite  number  of  intermediate 
states. 

Electrical  Conduction. — The  process  of  conduction  takes 
place  then  in  connection  Avith  electricity  as  well  as  with  heat. 
Events  occur  in  the  case  of  electrified  bodies  which  resemble  in 
some  respects  those  which  are  observable  in  the  case  of  hot 
bodies.  It  is  found  that  a  body  changes  its  state  of  electrification 
by  contact  with  other  bodies,  and  at  the  same  time  their  state  is 
altered.  And  it  is  found  that  the  kind  of  matter  affects  the  rate 
and  manner  in  which  this  change  is  effected.  The  redistribution 
of  electricity  among  bodies  in  contact  varies  in  accordance  with 
the  kind  of  matter  engaged,  in  much  the  same  way  as  the 
redistribution  of  heat.  Certain  changes  are  dependent  in  some 
respects  upon  the  nature  of  the  matter  in  which  they  take  place, 
and  the  conduction  or  passage  of  heat  and  electricity  from  one 
body  to  another  affords  a  good  illustration  of  this  fact. 

Silk,  sealiug-wax,  ebonite,  glass,  and  many  other  bodies  are  notewortby, 
since  they  either  prevent  the  passage  of  electricity  altogether,  or  to  speak 
more  correctly,  do  not  bring  about  any  change  in  the  electrification  of  a 
body  when  brought  into  contact  with  it,  or  else  they  bring  about  such 
changes  with  extreme  slowness.  These  bodies  are  non-conductors  or 
insulators  ;  whereas  tliose  bodies  which  permit  those  changes  to  take  place 
readily  arc  spoken  of  as  conductors.  Metals  are  prominent  in  the  class  of 
conductors. 

But  there  are  other  manifestations  of  the  electric  state  in 
which  a  more  marked  distinction  between  difi'erent  kinds  of 
matter  appears.  This  distinction  appears  in  the  capacity  which 
some  bodies  exhibit,  and  some  bodies  alone,  of  becoming  electrified 
while  they  are  undergoing  chemical  change,  or,  under  certain  cir- 
cumstances, while  being  heated. 
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Use  a  wooden  support  (Fig.  17)  containing  two  hooks  for  the  suspension 
of  two  plates,  one  copper,  the  other  zinc.  The  plates  must  hang  so  as  not 
to  touch.  They  are  then  supported  by  the  wooden  rest  in  very  dilute 
sulphuric  acid  placed  in  a  beaker.  Wires  are  connected  by  means  of 
binding-screws  with  the  plates,  and  the  existence  of  a  new  property  is 
manifested  when  the  wires  are  connected  together  and  brought  near  a 
small  suspended  magnetic  needle. 

The  existence  of  a  new  state  of  affairs  is  shown  in  the  fact 
tliat  hubbies  of  gas,  which  were  disengaged  near  the  surface  Qf 
the  zinc,  now  appear  at  the  surface  of  the  copjier,  whenever  the 
plates  are  put  in  metallic  connection  outside  the  liquid,  and  this 
the  wires  enable  us  to  do.     Meanwhile  the  wires  themselves,  so 


Fig.  17. — Apparatus  to  show  deflection  of  a  magnetic  needle, 

caused  by  a  current  passing  through  a  wire. 

2V=North,  6'=Soutli  Pole  of  the  magnet. 

long  as  they  are  m  contact,  are  able  to  influence  a  uiagnetic  needle, 
and  may  be  regarded  as  possessing  magnetic  properties. 

If  the  electrification  does  not  readily  show  itself  by  an  action 
on  the  needle,  and  the  action  which  should  be  shown  is  that  the 
needle  tends  to  set  itself  across  the  wire,  the  effect  may  be 
intensified  by  coiling  the  wire,  so  that  a  number  of  turns  may 
influence  the  needle  at  the  same  time.  In  this  way  a  longer 
length  of  wire  is  effective.  The  same  result  may  be  more  readily 
obtained,  by  having  a  coil  of  wire  already  made  up,  and  a  needle 
suspended  in  the  middle  of  the  coil.  This  arrangement  may  be 
placed  in  the  circuit  when  needed.  It  is  called  a  galvanometer. 
N.B. — -The  magnet  sets  X.  and  S.  by  the  earth's  action. 

Further  Observations. — Xotice  that  a  continuous  external 
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metallic  connection  is  needed  for  the  etlects  to  be  apparent.  Tliis 
connecting  material,  together  with  the  metal  plates  and  the  liquid, 
form  Avhat  is  called  the  circuit.  Use  a  /re?/,  an  instrument  often 
used  in  electrical  experiments,  to  show  the  effects  of  opening  and 
closing  the  circuit.  The  system  of  bodies  producing  the  effects  is 
called  the  cell,  and  the  effects  produced  form  what  is  calleil  a 
current  of  electricity. 

]\Iany  metals,  and  various  other  substances,  may  be  used  in  the 
place  of  the  copper  and  zinc  here  employed  in  illustration,  and 
various  other  liquids  besides  sulphuric  acid  will  serve  the  required 
purpose.  Matters  of  secondary  importance,  and  also  certain  prac- 
tical considerations,  must  determine  what  substances  are  the  best 
to  employ.  Leclanchc^,  Bichromate,  Daniell,  Grove,  and  other 
cells  should  be  practically  investigated.  JNTore  is  learnt  in  this 
way,  and  the  description  of  them  is  most  useful,  if  it  is  made 
])y  the  student  himself  in  his  notebook  as  a  record  of  his  own 
( )bservation. 

The  Leclanch^  cell  consists  essentially  of  a  carbon  plate  and  a  zinc 
rod  immersed  in  a  solution  of  ammonium  chloride.  The  carbon  plate, 
however,  is  packed  with  manganese  dioxide  and  carbon  in  a  porous 
vessel. 

The  Bichromate  cell  consists  of  carbon  and  zinc  plates  immersed  in  a 
mixture  of  potassium  bichromate  and  sulphuric  acid,  or  in  a  solution  of 
chromic  acid. 

The  Daniell  cell  consists  of  a  copper  plate,  placed  in  a  solution  of 
copper  sulphate,  and  a  porous  vessel  containing  zinc  sulphate  together  with 
a  zinc  rod  or  plate.  All  these  are  placed  in  an  outer  vessel,  and  connections 
are  made  from  the  copper  and  zinc. 

In  the  Grove  cell,  we  have  the  zinc  plate  immersed  in  dilute  sulphuric 
acid,  in  which  is  also  placed  a  porous  vessel  containing  strong  nitric  acid 
and  a  sheet  of  platinum. 

The  Bunsen  cell  resembles  the  Grove,  except  that  the  sheet  of  platinum 
ia  replaced  by  a  plate  of  carbon. 

Note  also,  in  connection  with  the  effects  produced  upon  a 
magnet  by  a  current,  that  it  is  the  space  in  the  neighbourhood  of 
the  current  which  is  altered.  It  may  be  pointed  out  here,  that  a 
stress  or  a  kind  of  pressure  exists  near  the  wire ;  in  fact,  it  is  this 
stress  which  we  perceive,  and  there  is  really  nothing  in  the  way 
of  a  current  to  detect. 
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But  cells,  anJ  tlie  cliemical  changes  going  on  in  them,  arc  not 
the  sole  source  of  electric  currents.  If  strips  of  copper  and  iron 
are  riveted  together,  and  the  junction  be  heated,  an  electric 
current  will  be  observable,  when  the  free  ends  are  connected  with 
a  galvanometer.  Several  such  junctions,  placed  together  and  con- 
nected with  the  galvanometer,  will  bring  aboiit  a  more  marked 
deflection  of  the  needle.  While  the  junction  is  cooling  after  being 
heated,  the  magnet  will  begin  to  move  slowly  back,  and  if  the 
junction  is  cooled  in  the  first  place  by  placing  it  in  ice,  the 
magnet  of  the  galvanometer  will  turn  in  a  du'ection  opposite  to 
that  which  it  takes  on  heating. 

In  the  place  of  the  cell  in  a  cu'cuit,  we  have  a  mere  junction  of 
two  dissimilar  metals,  and,  instead  of  the  chemical  change  which 
goes  on  in  every  cell,  the  maintenance  of  the  junction  at  a  different 
temperature  from  the  rest  of  the  circuit,  whether  by  supplying  or 
abstracting  heat  from  it,  originates  and  maintains  the  so-called 
current  of  electricity.  It  woidd  be  a  more  fitting  description 
to  say,  that  the  maintenance  of  dijferent  temperatures  in  different 
parts  of  the  circuit  is  the  source  of  the  electrical  energy. 

This  is  an  important  association  of  electric  and  thermal  eftects, 
though  the  practical  value  be  not  great.  It  becomes  still  more 
significant  Avhen  we  learn,  that  one  important  result  of  a  current 
passing  along  a  wire  is  an  increase  of  temperatiire.  By  making  a 
part  of  a  circuit  very  thin,  i.e.  by  interposing  a  very  thin  u-ire,  the 
rise  in  temperature  becomes  at  once  apparent  to  our  sense.  This 
experiment  should  be  performed,  though  the  fact  is  familiar 
enough  in  the  glow  of  the  electric  lig^ht. 

Practical  Details. — A  thermo-electric  couple,  as  the  combination  of 
strips  of  copper  and  iron  may  be  called,  may  be  constructed  of  a  variety  of 
metals.  A  junction  made,  between  any  metals  in  the  following  list,  when 
heated,  will  cause  a  current  to  appear,  if  the  circuit  be  suitably  completed. 
The  farther  the  metals  are  apart  from  one  another  on  the  list,  the  more 
marked  will  be  the  current  created,  and  the  metals  bismuth  and  antimony, 
at  the  beginning  and  end  of  the  series,  provide  the  most  effective  couple. 

Bismuth,  German  silver,  lead,  platinum,  gold,  silver,  zinc,  copper,  iron, 
antimony. 

The  junction  may  be  riveted,  soldered,  or  brazed.  Copper  wires  for 
connecting  the  couple  with  a  galvanometer  may  be  attached  by  solder.     A 
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numlier  of  junctions,  combining  to  produce  an  accumulated  ellect,  may  Le 
conveniently  provided  by  soldering  together  a  mimlier  of  alternate  bars  of 
antimony  and  bismuth  (Fig.  18).  Plates  of  mica  are  used  to  .separate  the 
faces  of  the  metals,  and  when  fixed  in  a  solid  block,  alternate  junctions  are 
presented  on  a  given  face  of  the  block.  With  a  large  number  of  such  junc- 
tions, the  terminal  metals  of  which  are  connected  with  a  galvanometer, 
small  variations  of  temperature,  occurring  on  the  face  of  the  instrument,  are 
recorded  by  mo\eu)ents  of  the  galvanometer,  and  a  useful  instrument  is 
obtained,  the  Thermopile. 

Another  mutual  relation,  resembling  very  clo.sely  that  which 
has  just  been  pointed  out,  is  important  to  notice,  as  it  is  con- 
nected with  another  means  of  producing  electricity,  in  fact  it  is 
the  ordinary  method  of  obtaining  electricity  for  lighting  and  for 
use  as  a  j^oicer  {i.e.  an  agent  for  driving  machinery).     A'ou  have 
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Fig.  18. — Diagram  of  a  Thermopile. 

observed  that  a  magnet  is  turned,  or  tends  to  turn,  when  it  is 
placed  near  a  wire  forming  part  of  an  electric  circuit.  The  con- 
verse of  this  is  seen  in  the  action  of  a  dynamo.  Here  we  have 
a  large  coil  of  wire,  forced  by  some  power — steam,  explosions  of 
gas  or  oil,  or  falling  water,  for  example — to  turn  round  very 
rapidly  in  the  space  near  a  powerful  magnet.  Instead  of  the 
magnet  being  turned  by  a  current,  the  turning  of  a  wire  in  a 
magnetic  field  {i.e.  the  space  near  a  magnet)  brings  into  existence 
the  current.  A  current  acts  on  a  magnet,  and  a  magnet  can  be 
made  to  create  a  current,  and  this  is  done  by  the  dynamo. 

Magnetic  changes  are  still  more  special  in  their  manifestations 
than  electric  ones.  Very  few  substances  are  capable  of  exTiibiting 
magnetic  behaviour.  In  the  practical  world  iron  alone  is  used, 
and,  indeed,  magnetic  actions  are  so  unimpressive  in  the  other 
bodies,  nickel,   cobalt,   manganese,   and    chromium,    that    little 
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practical  interest  attaches  to  the  fact  that  they  are  magnetic. 
At  the  same  time  the  phenomena,  which  do  not  attract  much 
notice  in  an  ordinary  way,  may  be  very  significant  for  those  who 
wish  to  understand  how  the  events  take  place,  and  they  may  have 
a  bearing  upon  practice.  It  is  one  thing  to  watch  and  name  events 
— to  say  this  is  a  chemical  occurrence,  that  magnetic,  and  so  on — 
but  the  process  and  the  manner  of  their  becoming  form  a  far  more 
interesting  problem. 

A  magnet  is  a  body  which  causes  a  pressure  or  stress  of  a 
special  kind  near  it.  The  magnetic  stress  is  not  one  which  is  felt 
by  all  bodies,  only  certain  substances,  notably  iron,  are  influenced 
by  it.  The  stress  is  a  selective  one,  and  more  narrow  in  its  range 
of  selection  than  any  others  we  have  considered.  The  st7'ess  of 
gravitation  is,  on  the  other  hand,  the  most  general,  and  is  ex- 
perienced by  every  form  of  matter.  The  nature  of  the  magnetic 
stress,  the  manner  in  which  bodies  move  under  it,  and  the  bodies 
which  are  aff'ected,  remain  for  practical  uivestigation. 

It  will  not  be  forgotten,  that  light  bodies  near  an  electrified 
body  indicate  the  existence  of  a  stress.  The  movement  of  a 
magnet  under  the  influence  of  a  current  shows  another  kind  of 
stress,  or  at  any  rate,  another  modification  of  stress,  and  now 
the  magnetic  stress  itself  selects  certain  hodies  alone  for  its 
manifestations. 

It  becomes  a  question,  whether  the  well-known  stress  called 
gravitation  has  any  analogy  with  these  special  stresses,  or  can 
afford  any  help  in  our  understanding  of  them.  There  is  no  doubt 
that  we  can  plainly  illustrate  the  direction  along  which  these 
stresses  act,  and  Ave  can  imagine  a  possible  state  of  affairs,  which 
could  account  for  the  events  observed,  if  Ave  refer  to  gravitation 
for  comparison  and  illustration. 

Gravitation  makes  its  effects  perceptible  in  a  movement  along 
the  path  which  most  directly  connects  the  bodies  concerned.  A 
body  falls  to  the  earth  by  the  most  direct  path,  or  as  Ave  describe 
it,  falls  perpendicularly.  It  is  understood,  of  course,  that  no 
other  agent  or  cause  interferes.  The  statement  is  only  true  of 
gravitational  stress,  acting  by  itself  and  undisturbed  by  others. 
The  moon  does  not  fall  directly  tq  the  earth,  tliough  there  is  a 
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stress,  which  would  produce  this  result,  were  there  no  other  action 
but  that  of  gravitation  concerned.  Gravitation  exists  in  this  case, 
but  it  is  masked  by  the  high  transverse  movement  of  the  moon. 

The  stress  of  electricity  produces  its  effects,  as  gravitation  does, 
along  the  sliortest  path  between  the  bodies.  It  would  appear,  then, 
that  in  both  these  actions  the  space  between  and  around  the  bodies 
is  strained.  The  ether,  an  unlimited  fluid  in  which  the  whole 
universe  is  immersed,  is  supposed  to  be  strained  locally,  and  the 
result  of  the  strain  in  this  fluid  is  to  press  or  squeeze  the  bodies 
together.  In  the  case  of  electricity  moving  along  a  wire,  or  in 
the  case  of  a  magnet,  the  ether  of  the  space  around  is  not  strained 
in  the  same  fashion  as  in  the  existence  of  gravitation.  The  ether 
appears  to  be  in  a  whirling  state,  and  any  magnetic  substance 
brought  near  a  magnet,  or  a  wire  carrying  a  current,  is  under  the 
influence  of  an  ether  vortex  or  whirlpool,  which  determines  the 
position  it  will  assume. 

What  kind  of  pressure  or  stress  in  the  ether  will  satisfy  our 
speculative  instincts,  when  we  come  to  consider  the  event  of 
chemical  combination,  is  diflicult  to  say.  It  is  difficult  to  avoid 
the  conclusion,  that  something  of  the  same  mechanism  is  engaged 
in  chemical  operations  as  in  electric,  thermal,  and  magnetic  events. 
Yet  it  is  not  easy  to  imagine  the  special  modification  of  the  pro- 
cess, which  the  peculiar  facts  of  Chemistry  Avould  render  essential, 
and  it  is  likewise  difficult  to  understand,  why  certain  kinds  of 
matter  should  permit  the  remarkable  event  of  chemical  combina- 
tion more  readily  than  others.  A  satisfactory  theory  would  have 
to  explain  the  selective  nature  of  chemical  change. 

Tlie  features  by  which  we  can  distinguish  chemical  changes 
from  physical  events  are  readily  observed.  A  few  experiments 
will  reveal  all  about  them  that  can  be  understood  at  the  present 
stage.  All  we  need  for  the  present  is  to  realise,  that  there  are 
events  going  on  around  us,  in  which  peculiarly  subtle  changes  in 
substance  occur,  changes  which  alter  the  appearance  of  bodies  so 
completely  in  many  cases,  that  they  are  no  longer  recognisable. 
Bodies  which  have  undergone  chemical  change  have  lost  their 
identity.  If  hydrogen  unite  with  oxygen,  most  of  the  properties, 
which  these  bodies  possessed  before  the  union,  have  disappeared, 
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There  is  nothing-  in  the  appearance  of  the  compound 
to  remind  us  of  its  components. 

Examples  of  Chemical  Change— Substances  gain  in  Weight  as 
they  burn.— A  small  known  quantity  of  bright  lead  parings  may  be  used. 
Weigh  a  small  porcelain  crucilile,  add  the  lead,  and  weigh  again.  Keep 
the  lead  exposed  to  a  high  temperature,  by  using  a  bunsen  flame,  until  it  is 
found  to  be  covered  with  a  yellow  or  reddish  calx.  On  cooling,  weigh  again, 
and  uote  the  change. 

Place  some  freshly  prepared  (/  c.  freshly  reduced)  iron  powder  on  paper  " 
on  the  pan  of  a  balance,  and  susi)end  a  magnet  from  the  hook  at  the  end  of 
the  arm  of  the  balance.  Weigh  the  whole  system.  Then  bring  the  magnet 
near  the  iron  powder,  so  that  most  of  it  may  adhere  to  the  magnet. 
Replace  the  magnet  in  position,  and  then  heat  the  powder  by  a  bunsen 
flame.  The  iron  glows  or  burns,  and  it  will  be  found  on  cooling  that  the 
system  is  slightly  heavier. 

The  same  result  may  be  attained,  by  placing  the  iron  powder  in  an  open 
glass  tube  and  weighing.     Heat  in  the  flame,  and  weigh  again. 

A  piece  of  magnesium  is  weighed  in  a  weighed  crucible  provided  with 
a  lid.  The  lid  is  ledged  on  the  crucible,  and  the  latter  heated,  until  the 
magnesium  catches  fire.  The  whole  is  subsequently  weighed.  In  case  there 
is  no  increase  in  weight,  what  cause  can  you  suggest  ?  ^  With  care  the 
increase  will  be  apparent. 

Reduce  several  metallic  calxes  or  oxides  on  charcoal,  by  using  the  blow- 
pipe. The  inverse  change  will  then  take  place.  The  oxygen  is  taken  away, 
and  the  association  of  this  gas  with  the  metal  is  disturbed.  Use  red  had, 
tin  oxide,  and  cojyper  oxide. 

Further  illustrations  of  this  class  of  event  will  be  given  in  Chaps.  VIII. 
and  IX. 

Examples  of  Physical  Change. — The  practical  ^york 
which  follows  has  been  selected  iii  order  to  give  ample  opportunity 
for  the  observation  of  some  of  the  leading  facts  of  physical  change. 
Nothing  but  a  superficial  inspe'ction  of  the  facts  in  question  is 
suggested.  Investigations,  which  lead  to  quantitative  results  and 
involve  measurements,  will  follow  these  first  glances  at  represent- 
atives of  some  of  the  changes,  which  come  under  the  heading  of 
Natural  Philosophy. 

Rise  of  Temperature  causes  Change  of  Volume.— A  copper  wire 
tightly  stretched  and  fastened  by  a  clamp,  so  that  its  ends  are  fixed,  is 
heated.  The  wire  begins  to  "sag."  It  must  bend  in  order  to  perniit  the 
increase  in  length  (Fig.  19), 
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Arrange  two  fixed  and  squared  end-pieces  at  such  a  distance  apart,  that 
a  rod  with  squared  ends  will  just  pass  between  them,  hut  no  more.  Heat 
the  rod,  and  it  will  be  found  to  be  too  long  to  pass.  (If  a  lathe  is  haud^y,  it 
will  provide  the  end-pieces  needed  ;  if  not,  any  two  immovable  bodies  will 
serve,  and  an  iron  or  copper  rod  or  wire  may  be  used. ) 

The  same  fact  is  exhibited,  if  a  wire  be  fixed  at  one  end  and  allowed  to 
rest  at  its  free  end  on  a  small  wooden  cylinder.  On  heating  the  wire,  it 
lengthens,  and  if  it  is  pressed  upon  the  cylinder  by  a  snjall  body  hanging 
from  it,  the  cylinder  will  tarn  as  the  wire  resting  upon  it  lengthens.  The 
turning  of  the  cylinder,  Avhich  need  be  nothing  more  than  a  penholder,  can 
be  exhibited  more  plainly,  by  fastening  a  straw  or  bristle  in  it  at  right 
angles,  as  a  marker.  The  movement  of  the  marker  may  be  watched  against 
a  scale. 

The  relative  values  for  the  expansion  of  different  solids  will 
^ 


Fig.  19. — Apparatus  to  show  bending  due  to  heat  in  a  wire  with 
fixed  ends. 

require  more  careful  investigation.  In  order  to  compare  results 
with  one  another,  it  is  usual  to  reduce  the  total  increase  which 
is  observed  to  the  fraction  of  the  whole  length.  This  fraction, 
when  it  is  brought  down  to  what  it  would  be  for  a  single 
degree's  change  of  temperature,  is  called  the  coefficient  of 
linear  expansion.  For  example,  an  increase  of  4*5  millimetres 
for  90°  change  of  temperature  would  be  '05  millimetre  for  1°,  if 
we  assume  the  rate  of  expansion  to  be  the  same  throughout  that 
range  of  temperature.  But  the  oliject  whicli  furnished  this 
increase  in  length  was  100  millimetres  long  at  the  start.  Had  it 
been  1  millunetre  in  length,  the  expansion  would  have  been 
•05  -r  100  or  -0005.  This  fraction  is  characteristic  of  the  given 
substance,  it  is  one  of  its  distinguishing  marks,  and  is  called  its 
coefficient  of  expansion. 
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But  a  change  of  volume  is  implied  in  the  above  changes  of 
length.  The  dimensions  of  a  solid  change  in  all  directions,  that 
is,  a  voluminal  expansion  takes  place,  and  the  linear  expan- 
sion is  only  one  side  of  this  general  increase.  This  general 
expansion  in  all  directions  is  best  observed  ui  a  liquid,  for  with 
its  adaptability  to  any  given  shape,  the  increase  in  volume  of  a 
liquid  may  be  made  to  take  a  direction  which  facilitates  measure- 
ment and  comparison. 

Use  a  glass  tube,  of  narrow  and  even  bore,  on  the  end  of  which  a  bulb 
has  been  blown.  Fill  the  bulb  and  a  small  part  of  the  tube  with  water. 
To  do  this,  expel  a  little  air  by  warming.  Place  the  open  end  of  the  tube  in 
water,  and  a  small  quantity  will  be  pressed  into  the  tube  and  bulb,  as  the 
air  within  cools.  This  process  may  be  repeated,  until  rather  more  than  the 
bulb  is  filled.  Another  process,  by  which  the  water  may  be  introduced, 
consists  in  connecting  the  tube  by  a  piece  of  indiarubber  tubing  with  a 
funnel  supported  in  a  stand.  Water  is  placed  on  the  funnel,  and  the  air 
within  the  bulb  is  heated.  Air  escapes  through  the  water  in  the  funnel,  and 
water  enters  to  take  its  place  when  the  residue  cools. 

The  bulb  may  be  surrounded  by  ice,  and  the  diminution  of  volume 
Avatched  by  observing  the  column  of  water  in  the  tube.  The  level  finally 
becomes  stationary,  and  may  be  marked  by  a  thread.  The  bulb  is  now 
placed  in  a  vessel  of  boiling  water,  the  expansion  is  noted,  and  the  highest 
point  of  the  column  marked  in  the  same  fashion.  The  vertical  distance 
between  these  points  may  be  measured  and  recorded. 

A  similar  ex[)eriment  may  now  be  carried  out,  after  expelling  the  water 
from  the  instrument,  by  filling  it,  successively,  with  methylated  spirit  and 
with  mercury.  The  results  may  be  compared  with  one  another,  and  regarded 
as  the  equivalent  changes  for  the  substances  in  question,  provided  all  the 
conditions  are  alike  in  each  case. 

Modifications  and  aniplitications  of  this  experiment  will  suggest 
themselves. 

Expansion  of  Gases  with  Rise  of  Temperature. — A  small  quantity 
of  mercury  is  made  to  enter  a  narrow  tube  which  is  closed  at  one  end.  A 
thermometer  is  tied  to  the  tube,  and  the  whole  placed  within  a  wide  tube, 
which  is  fitted  with  corks  at  either  end  to  maintain  the  smaller  tube  in 
position.  The  corks  carry  tubes,  which  serve  for  water  to  pass  through  the 
larger  tube  and  around  the  tube  containing  the  air  (Fig.  20).  The  water 
which  passes  through  the  apparatus  may  be  gradually  warmed  and  the 
temperature  noted.  The  movement  of  the  mercury  may  be  read  off  against 
a  scale. 

Tlie  increase  in  volume  for  a  given  change  of  temperature  will  be  jiropor- 
tional  to  the  linear  displacement  of  the  mercury.     The  volume  of  the  column; 
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of  air   is   ]iropoitioiial  to   its   length,    provided    the   liore   of  the   tube   lie 
even. 

If  aiTangenients  are  made  to  include  other  kinds  of  gas  within  the 
tube,  and  the  same  observations  be  made,  it  will  be  found  that  tlie  coefficient 
of  expansion  is  in  eacli  case  the  same. 

For  the  same  increase  of  temperature,  and  for  the  same 
vohime,  all  gases  expand  alike.  The  coefficient  of  expan- 
sion is  the  same  for  all  gases. 

The  most  marked  effect  of  heat  is  change  of  volume.  The 
parts  of  a  body  alter  m  relative  position  during  a  thermal  change. 


Fig.  20. — Apparatus  to  show  expansion  of  gases  with  rise  of  tenii)erature. 

If  we  are  able  to  imagine,  that  all  substances  are  made  up  of 
small  particles,  maintained  close  together  and  in  the  same  position 
in  the  case  of  solids,  and  free  to  move  in  the  case  of  liquids 
and  gases,  then  we  can  consider  the  most  prominent  result  of  a 
thermal  change,  to  be  a  general  displacement  of  those  particles. 
Hereafter,  we  shall  find  strong  reasons  for  believing,  that  matter 
is  formed  of  separate  particles  which  are  capable  of  being 
disturbed. 

Change  of  State— Distillation. — The  apparatus  needed  to  show  distib 
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lation  in  the  case  of  wafer  and  other  liquids  is  well  known  (Fig.  21).  Cold 
water  enters  at  the  lower  end  of  the  condenser  and  passes  away  from  the 
top.  One  change  of  state  takes  place  in  a  llask  or  other  vessel.  The  tem- 
perature, at  which  the  change  takes  place,  may  be  read  on  a  thermometer 
inserted  in  the  cork  of  a  flask.  A  tube  leads  away  the  vapour  as  it  is 
yielded,  and  the  cooling  envelope  causes  its  return  to  the  liquid  state.  The 
liquid  drips  from  the  tube,  and  is  collected  in  a  vessel.  Two  changes  of 
state  are  here  exhibited,  a  vaporisation  and  a  liquefaction,  and  the  whole  is 
called  distillation. 

Distil  pure  water  from  a  solution  of  copper  sulphate.  Note  the  difference 
between  the  distillate  and  the  original  solution. 

Distil  pure  water  from  a  solution  of  common  salt,  and  note  the  freedom  of 
the  distillate  from  salt.  Bear  in  mind  the  importance  of  being  able  to  obtain 
fresh  water  from  sea  water. 


Fig.  21. — Distillation  ajiparatus. 


Distil  a  mixture  of  spirit  and  water,  and  compare  tlie  density  of  the  dis- 
tillate with  that  of  the  original  mixfure.  The  first  portion  of  the  distillate 
and  the  portion  remaining  after  continued  boiling  should  alone  be  used. 

Note  carefully  in  each  case  the  temperature  at  whicli  the  first  change  of 
state  occurs. 

We  have  now  learnt,  that  change  of  temperature  brings  about 
cliange  of  physical  state.  The  physical  properties  of  an  object 
change,  at  the  same  time  as  its  thermal  condition  alters.  We  have 
already  seen  how  a  change  of  size,  or  an  alteration  of  density, 
comes  about.  The  latter  event  may  be  regarded  as  connected 
with  this  change  of  state.  Indeed,  an  alteration  of  density  or 
volume  is  a  change,  which  we  may  look  upon  as  introductory  to  the 
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further  change,  and  the  theory  which  has  been  advanced  of  matter 
being  formed  of  small  particles  will  assist  ns  in  this  conception. 

Conduction  of  Heat. — Press  a  piece  of  wire-gauze  down  upon  the 
buusen  iiauie.  Note  the  effect.  Next,  turn  out  the  flame,  hold  the  gauze 
about  an  inch  above  the  burner,  and  light  the  issuing  gas  above  the  gauze. 
Note  that  the  flame  is  prevented  from  going  downwards,  as  it  was  prevented 
from   going   upwards,  . 

liy  the  rapid  conduc-  m^ 

tion    of    the     metal,  " 

which  lowers  the  tem- 
lierature  of  the  gas 
below  the  point  of 
ignition. 

Boil  water  in  the 
upper  part  of  a  test- 
tube,  and  note  that 
there  is  very  little 
change  of  temperature 
in  the  lower  layers  of 
water.  The  tube  may 
be  held  in  the  hand, 
if  it  has  been  filled 
nearly  full.  Water  is 
a  bad  conductor.  Had 
the  flame  been  applied 
at  the  bottom  of  the 
tube,  the  temperature 
of  the  water  would 
be  much  the  same 
tliroughout.  But  this 
would  not  be  due  to 
conduction.  It  would 
be  on  account  of  the 
rapid  movements  set 
up  in  the  freely  moving  particles  of  water,  by  reason  of  tlie  constant 
cliange  of  density.     This  is  called  convection. 

Currents  due  to  convection  may  be  shown,  by  heating  water  in  which 
colouring  matter,  such  as  litmus,  has  been  placed.  The  water  which  is 
warmed  becomes  less  dense,  and  so  rises.  The  relatively  denser  water 
descends  from  above,  and  a  circulation  goes  on. 

Tlie  use  of  hot  water  in  warming  buildings,  and  the  maintenance  of  the 
circulation  through  the  various  pipes  and  coils,  is  illustrated  by  fixing  two 
tubes  in  a  flask,  as  shown   in  Fig.  22.      The  ascending  tube  serves  as  a 
9 


Fig.  22.- 


-Apparatus  to  illustrate  the  use  of  liot  water 
iu  warming  buildings. 
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means  of  adjusting  pressure,  and  its  equivalent  must  be  provided  in  every 
hot-water  cistern.  The  bent  tube,  M-bich  returns  to  the  flask,  corresponds 
with  the  coils,  etc.  The  flask  answers  to  the  boiler.  Colouring  matter  in 
the  water  will  exhibit  the  circulation. 

The  utilisation  of  the  heat  distributed  in  such  a  system 
depends  greatly  upon  a  mode  of  transfer  of  heat^  which  has 
not  yet  been  mentioned,  namely,  radiation.  Xevertheless,  it  is 
a  mode  of  transfer  which  is  of  the  greatest  importance.  It  is  by 
radiation  that  we  receive  heat  from  the  sun,  from  glowing  coal 
or  wood.  It  is  obvious,  that  radiation  occurs  without  any  con- 
nection with  what  we  recognise  and  speak  of  as  matter.  Radia- 
tion takes  place  intliout  material  connection,  and  so  differs  from 
conduction  and  convection.  By  the  same  kind  of  process,  light 
is  propagated  from  one  place  to  another.  The  transfer  of  heat 
and  light  is  carried  on  by  the  same  mode  of  motion,  and  it  is 
believed  to  take  place  as  a  vibratory  motion  in  the  substance 
which  pervades  space  and  is  called  the  ether. 

Currents  in  Sea  and  Atmosphere. — It  will  be  clear  after 
a  little  consideration,  that  the  eifects,  Avhicli  we  know  to  occur 
in  small  bodies  of  water,  must  be  taking  place  on  a  large  scale  in 
the  sea.  If  large  masses  of  water  be  at  different  temperatures  in 
different  localities,  there  will  be  a  tendency  for  the  temperature 
to  become  equalised  by  circulation.  Currents  Avill  pass  over  the 
surface  from  hotter  regions,  and  colder  currents  will  proceed 
underneath  them  to  preserve  equilibrium.  Many  causes  may 
intervene  to  prevent  this  statement  being  strictly  true,  among 
other  thmgs,  the  conformation  of  land  and  the  existence  of  tides, 
but  the  tendency  always  exists  for  warm  water  to  pass  away  from 
hot  regions,  and  for  cooler  water  to  enter  them. 

A  shallow  vessel,  one  end  of  which  is  kept  warm  by  a  flame,  and  the 
other  end  kept  cold  by  a  piece  of  ice,  will  exhibit  this  movement.  The 
longer  the  vessel,  the  more  definite  will  be  the  current.  If  a  glass  vessel  be 
used,  a  strip  of  lead  may  be  bent  over  the  side  and  allowed  to  dip  into  the 
water.  This  will  serve,  when  the  outer  portion  is  heated  by  a  flame,  to 
warm  the  water  at  one  end,  while  the  ice  should  be  fastened  in  its  position 
at  the  other  end.  A  little  coarsely  ground  litmus  placed  in  the  water  will 
display  the  movement. 

We  have  here,  in  miniature,  a  representation  of  the  higher 
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temperature  of  the  sea  in  tropical  regions,  where  the  earth's 
surface  is  turned  more  directly  to  the  sun,  and  of  the  cooler  tem- 
perate and  arctic  regions,  Avhere  tlie  sun,  never  being  directly- 
overhead,  has  less  heating  effect.  There  is  a  general  tendency  for 
warm  currents  to  travel  north  and  south  on  the  surface  of  the 
ocean,  while  more  deeply  seated  colder  streams  flow  in  towards 
the  Equator.  The  alteration  in  dejisitij,  wdiich  ensues  with  change 
of  temperature,  gives  rise  to  these  events,  and  their  influence  on 
climate  is  of  the  greatest  unportance.  Extremes  of  temperature 
are  moderated,  the  temperate  regions  are  rendered  more  habit- 
able, and  even  tropical  regions  are  rendered  cooler  by  proximity 
to  the  sea.  The  advantage  which  accrues  to  our  own  country, 
Avhich  is  in  no  part  far  distant  from  the  sea,  is  enormous. 

The  current,  from  which  the  British  Isles  and  the  western 
countries  of  Europe  receives  benefit,  is  called  the  Gulf  Stream. 
So  vast  a  quantity  of  heat  is  borne  from  the  Tropics  by  this  move- 
ment of  water,  that  the  mean  Avinter  temperature  of  London  is  about 
21°  F.  higher  than  it  would  be  Avithout  it.  Instead  of  the  mean 
Avinter  temperature  being  about  15°  F.  below  freezing  point,  it  is 
about  6°  above  it.  The  Gulf  Stream  travels  from  the  Gulf  of 
Mexico,  in  a  north-easterly  direction,  to  our  shores.  It  is  never 
more  than  about  120  miles  Avide,  and  it  is  about  600  ft.  deep. 
When  it  starts  on  its  course  its  temperature  is  about  90°  F.,  and 
olf  XcAvfoundland  it  is  25°  higher  than  the  neighbouring  water 
in  Avinter.  The  quantity  of  heat  which  it  brings  to  us  is  very 
great,  although  it  has  cooled  very  considerably  before  it  reaches 
us. 

The  direction  taken  by  this  current  is  due  to  the  conformation 
of  the  land  and  the  direction  of  the  prcA^alent  Avinds.  The 
prevalent  Avind  in  the  Tropics  is,  on  the  Avhole,  easterly.  A  general 
transfer  of  surface  Avater  from  east  to  Avest  Avill  consequently  take 
place  betAveen  Africa  and  South  America.  The  shape  of  the 
American  continent  causes  a  deflection  and  a  division  of  this 
current.  The  northerly  branch  circulates  in  the  Gulf  of  Mexico, 
and  is  deflected  to  the  north-east  by  the  i^orth  American  con- 
tinent. The  account  here  given  must  be  regarded  as  a  mere 
indication  of  the  causes  and  course  of  this  important  circulation. 
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Radiation  from  the  Sun. — The  sun  is  not  only  the  source 
of  our  warmth,  hut  is  tlie  source  of  most  of  those  atmospheric 
changes,  which  we  descrihe  collectively  as  weather.  INIore  than 
tliis  can  he  said.  It  is  jjossible  to  trace  to  the  smi  nearly  every 
change  tvJiich  goes  on  in  nature.  For  the  present  we  shall 
confine  ourselves  to  those  changes,  which  are  more  directly  and 
more  prominently  hrought  about  by  the  sun. 

The  earth  receives  heat  from  the  sun  hy  radiation,  a  process 
in  which  matter,  as  we  know  it,  is  not  engaged.  Radiation  is 
believed  to  be  a  vibratory  motion  of  ether,  that  is,  a  to-and-fro 
movement  of  the  fluid,  which  is  present  everywhere,  though  not 
recognisable  by  our  senses.  We  are  only  able  to  infer  its  exist- 
ence, from  effects  like  those  of  radiation.  The  ether-vibration, 
when  once  it  is  started,  is  propagated  in  all  directions  at  an 
enormous  speed.  Some  of  the  vibrations  of  the  kind  known  as 
radiation  affect  our  organ  of  sight,  and  give  the  sensation  we  call 
light.  Some  of  them  possess  a  warming  effect,  and  constitute 
radiant  heat.  All  of  them,  light  and  radiant  heat  alike,  travel 
in  an  evenly  diffused  Avavelike  motion  at  the  same  s^^eed,  nearly 
200,000  miles  a  second. 

The  effect  of  this  radiant  energy,  when  it  meets  with  ordinary 
matter,  is  very  varied.  A  rising  temperature  occurs,  in  some 
bodies  very  rapidly,  more  slowly  in  others.  Those  which  are 
most  rapidly  aftected  are  said  to  be  more  absorbent.  Others 
reflect  the  radiant  energy  to  some  extent,  and  are,  therefore,  less 
readily  heated  by  it.  Others,  again,  permit  it  to  pass  through 
them  without  being  much  changed.  The  most  important  of  this 
class  are  gases,  and  the  connection  of  this  fact  with  questions  of 
temperature  upon  the  earth's  surface  is  clear.  TJie  atmosphere 
absorbs  very  little  of  the  sim's  radiation.  It  is  but  slightly 
warmed  by  the  sun,  in  comparison  with  the  eft'ect  produced  on 
land  and  sea.  Here  almost  the  whole  of  the  radiant  energy  is 
absorbed,  and  a  corresponding  rise  of  temperature  takes  place. 
Scope  is  now  given  for  the  process  of  conduction.  The  warmer 
earth  or  sea  hands  on  some  of  its  heat  to  the  air  near  to  it.  IVie 
air  gains  by  coyiduction  from  the  earth,  not  by  radiation  from  the 
sun.     From  this  it  is  easy  to  see,  that  the  air  which  is  more 
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distant  from  the  surface  of  the  earth  is  colder.  As  ice  rise  in  the 
air,  the  temperature  falls.  The  top  of  a  mountain,  being  the 
most  distant  pomt  from  the  main  surface  of  the  earth,  is  its 
coldest  point,  other  thmgs  bemg  equal.  On  the  top  of  high 
mountains  snow  and  ice  are  found  in  the  middle  of  summer, 
because  the  higher  strata  of  air  being  more  distant  from  the 
general  surface  of  the  earth  are  colder  than  the  loAver  ones. 

The  results,  produced  by  the  non-absorption  of  radiant  energy 
as  it  passes  through  the  atmosphere,  together  with  the  heating  by 
conduction  of  the  layer  of  air  nearest  the  earth,  would  be  more 
marked  than  they  are,  were  it  not  for  the  wider  distribution  of 
heat  which  is  caused  by  convection.  We  have  seen  that  convec- 
tion currents  exist  when  a  vessel  of  water  is  heated  in  the  usual 
way  from  the  bottom  (p.  129).  And  we  have  seen,  too,  that 
similar  currents  are  formed  on  a  large  scale  in  the  ocean.  In 
each  case  the  cause  of  the  current  is  the  change  of  density  pro- 
duced by  heating,  together  with  the  subsequent  movement  of  the 
hotter  and  less  dense  portions  towards  the  surface. 

Events  which  are  precisely  similar  take  place  in  the  atmos- 
phere. But  here  they  are  still  more  rapid  and  more  general,  for 
not  only  are  changes  of  density  more  rapidly  produced  in  gases 
than  liquids,  but  movements,  too,  are  more  rapidly  carried  out, 
because  of  the  greater  freedom  of  the  parts  of  a  gas.  For  this 
reason  there  soon  occurs  a  very  general  and  even  distribution  of 
heat  in  the  atmosphere,  for  some  little  distance  above  a  region 
which  is  being  warmed  by  the  sun.  And,  conversely,  the  cooling 
takes  place  through  some  little  distance,  when  the  earth  begins, 
on  its  side,  to  lose  its  heat  by  radiation  at  night.  For  it  must  be 
remembered,  that  radiation  takes  place,  in  its  proper  degree,  from 
all  warm  bodies,  and  it  is  not  necessary  that  they  should  be  visibly 
hot.     A  hot-water  coil  radiates  heat,  though  it  does  not  glow. 

Experiments  on  Radiation.— Two  tin  vessels  are  provided  (Fig.  23). 
One  is  bright,  and  the  other  thickly  covered  with  lanip-blaek.  They  arc 
both  filled  with  boiling  water  and  the  rate  of  cooling  is  watched,  a  ther- 
mometer, previously  inserted  in  a  cork  fitting  the  mouth  of  the  vessel,  being 
employed.  Cooling  will  be  found  to  be  less  rapid  in  the  brighter  vessel,  if 
other  things  are  alike.  The  vessels  should  each  be  i)laced  on  three  small 
corks,  so  that  the  cooling  takes  place  as  much  as  possible  by  radiation. 
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Place  llie  same  vessels,  with  thermometers  in  place,  and  with  air  alone 
in  them,  at  the  same  distance  from  a  fire  or  in  bright  snnlight.  Any  change 
in  temperature,  registered  hy  the  thermometers,  will  take  place  more 
rapidly  in  the  vessel  with  a  dull  exterior,  that  is,  absorption  takes  2dn,ce 
better  in  that  tvhich  radiates  better. 

Note. — It  might  appear  that  metals  absorb  more  readily  than 
other  objects,  if  we  compare  our  sensations  on  feeling  metallic 
objects  exposed  to  the  sun's  rays  and  other  objects  placed  side 
by  side  with  them.  This  inference  is  not  necessarily  correctT 
The  temperature  of  all  the  objects  may  be  the  same,  while  the 
best  conductors  more  readily  communicate  their  heat  to  our  body, 
and  so  feci  warmer.     It  is  useful  to  remember,  that  metals  and 

other  good  conductors,  through  the 
greater  readiness  in  exchange  of 
heat,  feel  warmer  than  surround- 
ing objects,  Avhen  all  are  equally 
higher  in  temperature  than  our  own 
body ;  while  good  conductors  feel 
colder  than  other  objects,  Avhen  all 
are  equally  colder  than  our  body. 

If  the  opportunity  presents  itself, 
place  a  penny,  and  piece  of  cardboard 
of  the  same  size,  on  ice  in  the  snnlight. 
The  penny  will  melt  the  ice  under- 
neath it  fairly  rapidly,  while  the  card- 
board will  not  produce  any  change. 
Coat  one  penny  with  lamp-black,  and  brighten  the  surface  of  another. 
Then  notice  that  the  brighter  one  does  not  sink  so  far  in  ice,  when  exposed 
for  a  short  time  to  radiation.  There  is  a  difference  in  the  rate  of  absorption. 
A  similar  ditference,  not  in  the  absor[)tion,  but,  conversely,  in  the  radia- 
tion, may  lie  observed  by  nsing  a  vessel  snch  as  shown  in  Fig.  24.  One  half 
of  this  is  blight  and  the  other  dulled  by  lamp-black.  Hot  water  is  poured 
in  the  vessel,  and  thermometers  placed  at  an  equal  distance  away  from  the 
two  different  surfaces.  The  dull  surface  is  found  to  railiate  more  than  the 
liriglit  one,  under  precisely  the  same  circumstances. 

Here  we  see  again,  that  for  surfaces  across  which  radiation  is 
slow,  absorption  too  is  slow.  Bad  radiators  are  had  ahsorhers. 
In  all  these  cases,  a  transfer  of  heat  occurs  from  inside  or  from 
outside,  and  the  same  conditions  are  observed  to  hold  for  the 


Fiu.  23. 


-Vessels  for  experiments 
on  radiation. 

.4  =  Bright  vessel.  B  =  Vessel  coated 
with  lamp-black.  r= Thermo- 
meter.    C=Cork. 
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excliange,  no  matter  in  what  direction  it  occurs.  The  names  do 
nothing  but  sliow  the  direction  in  tchich  ice  are  looking  at  the 
event. 

By  interposing  screens  of  difterent  material  between  a  constant 
supply  of  radiant  energy  and  a  sensitive  instrument,  a  thermopile 
by  preference,  the  absorbent  values  for  different  substances  are 
obtained.  By  carrying  out  this  method  of  research  most  of  the 
information  we  possess  on  the  subject  has  been  gained. 

Connection  of  Radiation  with  Natural  Phenomena. 
— Air,  which  has  been  in  contact  with  an  area  exposed  to  the  sun, 
is  warmed  by  conduction,  for  it 
is  not  warmed  by  the  radiation 
itself.  Its  density  is  conse- 
quently lessened,  and  it  rises. 
This  is  the  most  frequent  cause 
of  atmospheric  movement — the 
rise  of  hot  air,  and,  in  conse- 
quence, the  fall  of  cooler  air. 
But  just  as  in  the  case  of  circula- 
tion in  the  ocean,  there  is  much 
to  modify  the  simplicity  and 
directness  of  the  movements, 
so  in  the  case  of  atmospheric 
currents,  we  seldom  meet  with 
the  mere  ascent  and  descent  of 
air.     J\lany  things  tend  to  intcr- 


FiG.  24.  —  Till  vessel  covered  with 
lamp-black  on  one  side  to  show 
difference  in  radiation. 


fere — the  movement  of  the  earth 

in    itself   is  always  liable  to  modify   the  direction  of  a  current 

of  air. 

Perhaps  the  sinq)lest  event,  Avhich  is  due  to  the  eltects  of 
alternate  radiation  and  absorption  of  heat,  is  the  existence  of 
land  and  sea  breezes.  It  is  well  known  to  those  near  the  sea, 
that  a  breeze  sets  in  from  the  sea  to  the  land  in  the  daytime, 
Avhile  a  breeze  starts  outioards  from  the  land  at  night-tmie.  These 
breezes  may  be  noticed,  when  other  air  movements  are  not  strong 
enough  to  interfere.  A  more  vigorous  and  more  extensive  dis- 
turbance may,  of  course,  disguise  them. 
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The  explanation  is  simple.  The  earth  cools  more  rapidly  than 
the  sea,  and  it  gets  warm  more  rapidly  than  the  sea.  It  is  more 
absorbent,  and  radiates  more  rapidly.  (In  addition  to  this,  the 
earth  has  a  much  smaller  capacity  for  heat,  a  term  which  has  not 
yet  been  explained.  Water  takes  more  thermal  energy  than 
other  bodies,  to  bring  abont  the  same  rise  in  temperature.  This, 
too,  aids  the  process  we  are  abont  to  describe.)  As  a  result  of 
the  more  rapid  gain  of  heat  in  the  daytime,  and  the  more 
rapid  loss  at  night,  hot  air  rises  from  the  land  in  the  daytime," 
to  be  replaced  by  a  current  from  the  relatively  cooler  region  over 
the  sea.  In  the  night-time  the  opposite  action  takes  place.  A 
current  sets  in  from  the  more  rapidly  cooling  land,  to  replace  the 
relatively  warmer  air  as  it  ascends  from  the  surface  of  the  sea. 

Larger  operations  than  these,  due  to  the  ascent  of  heated  air 
on  a  more  extensive  scale  in  tropical  regions,  take  place  in  nature. 
Streams  of  air  setting  in  from  cooler  regions  to  take  the  place  of 
these  upward-liorne  currents  give  rise  to  the  phenomenon  of  the 
Trade  Winds.  These  winds,  Avhich  are  fairly  constant,  may  be 
taken  as  the  equivalents  of  the  main  ocean-drifts. 

Wherever  the  atmospheric  pressure  is  loiv,  currents  of  air  Avill 
set  in  from  places  where  the  pressure  is  higher,  and  the  winds 
blow  from  these  quarters.  One  of  the  causes  of  lowness  of 
pressure  is  a  rise  of  temperature.  Another  cause  is  the  presence 
of  loater-vapour  in  the  air.  The  more  water-vapour  the  less  the 
pressure,  other  things  remaining  the  same,  for  vapour  of  water  is 
much  less  dense  than  air  and  does  not  press  towards  the  earth  so 
heavily.  Other  causes  exist,  but  they  do  not  allow  of  simple 
explanation.  The  Avind  Avliich  Avould,  under  these  circumstances, 
set  in  from  North  and  South,  through  diminished  pressure  in  the 
Tropics,  is  altered  to  some  extent  by  the  rotation  of  the  earth,  a 
rapid  turning  from  West  to  East.  In  northern  latitudes,  an 
observer  would  be  moving  through  space  from  West  to  East  at 
a  high  speed.  He  Avould  meet  a  wind  starting  in  a  northerly 
direction  from  a  region  of  lower  speed,  for  it  must  be  remembered 
that  the  maximum  movement  of  about  1000  miles  an  hour  takes 
place  at  the  Equator,  and  falls  away  to  zero  at  the  Poles.  Instead 
of  the  North  wind,  Avhich  would  be  felt  if  the  earth  were  at  rest. 
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it  will  blow  from  the  Xortli-East ;  and  in  tlie  southern  hemisphere 
the  corresponding  current  will  be  from  the  South-East.  From 
their  constancy,  these  currents  are  of  great  use  to  sailing  ships, 
and  are  called  the  Trade  Winds.  They  are  more  or  less 
interfered  with,'  through  variations  in  the  surface  of  the  land,  and 
exhibit  less  constancy  over  land  generally,  while  even  on  the  ocean 
they  are  subject  to  local  variations  and  shiftings  for  various 
reasons.  A  general  tendency  to  blow  in  the  manner  described,  at 
certain  seasons  of  the  year,  is  all  that  can  be  asserted. 

But  Ave  have  yet  to  consider  what  becomes  of  the  warmer  air, 
which  has  ascended  from  the  Tropics  and  travelled  nortliAvards, 
or  southwards,  as  the  case  may  be.  In  time,  it  becomes  cooler 
and  descends.  After  a  latitude  of  30°  or  3-5°  N.  or  S.  has  been 
reached,  and  in  accordance  with  the  season,  this  stream  descends 
and  moves  towards  the  Poles.  In  our  own  country,  and  in  corre- 
sponding latitudes,  for  long  periods  of  the  year,  this  current  to  the 
JN'orth  sweeps  over  the  earth,  but  it  does  not  come  directly  from 
the  South.  By  reason  again  of  the  West-to-East  rotation  of  the 
earth,  the  wind  has  an  easterly  direction  added  to  its  northerly 
one.  That  is,  it  blows  from  the  South- West.  A  corresponding 
wind,  from  the  Xorth-West,  is  met  with  in  the  southern  hemi- 
sphere. 

Water- Vapour  in  the  Atmosphere.  —  The  change  of 
state,  which  has  been  described  already  as  evaporation,  is  con- 
stantly going  on  wherever  water  exists.  It  is  not  necessary,  then, 
to  point  out  that  water-vapour  must  always  be  present  to  some 
extent  in  the  atmosphere.  Seas,  lakes,  and  rivers  are  constantly 
contributing  to  the  stock.  But  the  rpiantity  in  the  atmosphere  is 
liable  to  frequent  change.  And  when  it  is  remembered,  that 
water-vapour  is  less  dense  than  the  air,  which  it  partly  displaces, 
we  shall  understand  that  an  increase  in  the  quantity  present  in 
the  air  at  a  given  place  will  bring  about  a  fall  of  the  barometer. 
The  mercury  must  fall,  if  the  average  density  of  the  atmosphere 
is  diminished  for  the  time  being  in  the  region  in  question. 

A  given  quantity  of  air  at  a  certain  temperature,  however,  can 
only  hold  a  certain  quantity  of  Avater-vapour.  When  this  propor- 
tion has  been  reached,  the  air  is  said  to  be  saturated,  and  no  more 
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can  be  taken  up  ;  into  air  so  saturated  no  more  vapour  can  pass, 
and  evaporation  ceases.  But  tliere  is  a  converse  change  of  state 
constantly  occurring,  namely,  condensation,  and  in  the  form  of 
rain,  dew,  mist,  fog,  clouds,  and  hail,  condensation  exists  as  an 
important  consideration  in  the  condition  of  weather.  But  the 
causes  which  bring  about  condensation  are  worthy  of  close  atten- 
tion. They  are  mainly  due  to  variation  of  temperature,  and  they 
n  "vvill  be  best  understood  by  watching  the  sim}>le_^ 

experiment  which  is  noAV  described. 

The  Maximum  Quantity  of  Water-Vapour 
in  Air  increases  with  the  Temperature. — A  tube, 
closed  at  the  end,  is  partly  filled  with  mercury,  and 
is  placed  mouth  downwards  in  a  vessel  of  mer- 
cury (Fig.  25).  A  small  quantity  of  water  is  passed 
upwards,  by  means  of  a  pipette  or  syringe.  The 
column  of  mercury  descends.  A  certain  amount  of 
the  water  evaporates,  and  this  vapour  presses  the 
column  downwards.  If  the  upper  part  of  the  tube 
and  its  contents  be  warmed,  by  tbe  hand  for  example, 
or  by  wrapping  round  it  a  hot  cloth,  the  column  of 
mercury  will  fall  still  lower.  Now  this  measurable 
fall  at  tlie  higher  temperature  might  be  simply  the 
ordinary  effect  of  heat,  namely,  an  increase  of  volume. 
But  by  comparing  the  effect  produced  when  water  is 
present,  with  that  obtaining  when  air  alone  is  present 
in  the  same  volume,  it  will  be  found  that  the  depres- 
sion is  much  more  marked,  for  the  same  change  of 
temperature,  when  wafer  is  present.  The  inference  to 
be  drawn  from  this  observation,  though  it  is  not  to 
be  regarded  as  positively  justified  by  the  experiment, 
temperature  inore  water  is  clianged  into  the  state  of 
the  converse  change  takes  place,  and  water  is  con- 


FiG.  25.  —  Apparatus 
for  showing  that  the 
quantity  of  water- 
vapour  in  air  in- 
creases with  the 
temperature. 

J1f=mercurj'. 

ir=  water 

is  that  at  the  higher 
vapour.  On  cooling, 
densed. 


Condensation  of  Water- Vapour. — When  Ave  cool  air  by 
suitable  means  to  a  suificient  extent,  evidence  of  condensation 
is  at  once  obtained.  On  the  outer  surface  of  a  glass  of  cold  water, 
which  has  been  just  brought  into  a  warm  room,  moisture  soon 
appears.  Tlie  cold  water  and  glass  cool  the  air  near  them,  and  as 
the  air  when  cooled  is  not  able  to  hold  so  much  moisture  in  it, 
the  excess  is  deposited  as  a  dew  upon  the  glass. 
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Blow  air  liy  means  of  a  tube  tlirough  a  little  etlier  placed  in  a  metallic 
vessel  with  a  bright  exterior.  The  cooling  produced  causes  moisture  to 
appear  on  the  outside  of  the  vessel,  and  the  bright  surface  becomes  dimmed. 
A  little  ice  in  a  test-tube,  of  which  the  outside  has  been  carefully  dried,  will 
bring  about  a  covering  of  moisture  upon  it. 

Observations  of  tins  order  •will  help  to  explain  the  formation 
of  (leic  or,  in  Avinter,  of  hoar  frost,  when  the  earth  cools  at  night. 
The  formation  of  rain  follows  from  the  cooling  of  warm  and 
moist  masses  of  air.  Air  laden  with  moisture,  even  though  not 
satiu'ated,  must  deposit  its  excess  of  Avater,  Avhen  sufficiently 
lowered  in  temperature,  and  the  deposition  may  be  visible  to  us 
either  as  rain,  fog,  cloud,  or,  when  the  temperature  is  very  Ioav, 
in  the  form  of  snoAv. 

A  mid  ov  fog  arises  from  condensation  near  the  surface  of  the 
earth. 

A  cloud  is  formed  when  condensation  occurs  at  higher  levels. 

When  condensation  is  excessive,  rain  appears.  The  small 
particles,  floating  in  the  air  in  the  case  of  fog  or  cloud,  are  here 
replaced  by  drops,  too  hcaA^y  to  remain  in  the  air. 

But  the  indirect  results  of  the  fall  of  rain  are  apparent  overy- 
Avhere,  and  they  are  full  of  importance  to  mankind.  Sooner  or 
late,  the  vast  A'olumes  of  condensed  Avater  find  their  AA^ay  back  to 
the  sea,  from  Avhence  they  came.  Tiny  streams  collect  together 
to  form  the  larger  streams,  and  these  unite  from  all  quarters, 
jn-oducing  by  their  innumerable  contributions  the  riA'er  which 
enters  the  sea. 

A  cycle  of  changes  is  here  in  operation.  Evaporation  from 
the  sea  takes  place,  condensation  occiirs,  chiefly  in  the  form  of 
rain,  Avhich  returns  to  the  sea  as  a  river,  and  the  process  goes  on, 
and  has  gone  on,  Avithout  cessation,  since  the  earliest  ages.  It  is  a 
cycle  Avhich  is  never-ending,  and  m  its  action,  the  carving  of  the 
land,  the  formation  of  hill  and  dale,  mountain  and  valley,  have 
been  going  on  through  the  ages.  Almost  CA'ery  detail  of  the 
landscape  OAves  its  origin  to  this  poAvcrful  agent,  and  man,  Avith 
his  Avants,  his  commerce,  and  his  need  of  protection  from  the 
elements,  is  ahvays  under  the  influence  of  this  closed  chain  of 
events.      The  grandeur   of  these    surroundings,    nevertheless,    is 
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magnified  rather  than  diminished,  when  the  student  begins  to 
bring  all  his  varied  impressions  of  the  world  under  the  scope  of 
general  laws,  and  his  intelligence  grows  active  enough  to  trace, 
to  the  operation  of  a  few  simple  principles,  the  mighty  acts  Avhich 
make  up  the  scheme  of  nature. 

Chemical  Occurrences  in  Nature. — To  mechanical 
action  in  shaping  the  landscape,  and  in  carrying  down  material 
from  higher  to  lower  levels,  the  operations  of  rain  are  not^ 
limited.  The  Avater  which  leaves  the  sea  by  evaporation  is  pure 
water,  and  rain  is  practically  pure  Avater.  An  experiment  already 
described  points  to  this  fact.  Yet  river  or  spring  water  will  be 
found  on  examination  to  hold  a  certain  amount  of  matter  in 
solution. 

Experiment. — Boil  a  quantity  of  water  from  a  river  or  spring.  If  the 
water  comes  from  a  clialk  or  limestone  district,  a  certain  amount  of  deposit 
will  take  place  after  a  time.  And  if  there  is  no  ready  deposit  on  this 
ground,  the  com})lete  evaporation  of  a  small  quantity  of  water  from  a  clean 
glass  vessel  will  disclose  a  solid  residue.  A  watch-glass  will  serve  for  this 
purpose. 

Many  substances  are  dissolved  by  water,  and  many  oppor- 
tunities for  the  process  are  encountered,  as  the  water  passes 
through  and  over  land. 

But  there  are  other  important  events  in  nature  in  Avhich 
water  takes  a  part.  In  the  first  place  it  forms  a  very  large 
fraction  of  the  substance  of  animals  and  vegetables.  In  some 
annuals  over  90  per  cent,  of  the  whole  is  water.  Without 
attempting  to  touch  upon  the  intricate  chemical  changes,  Avhich 
are  connected  Avith  living  matter  in  its  knoAvn  forms,  it  may  be 
said  that  tvater  is  an  essential  in  all  these  changes,  and  its  import- 
ance is  manifested  in  its  preponderating  presence  in  all  substances 
in  Avhicli  life  is  located. 

Experiment. — Heat  a  feAV  leaves  in  a  test-tube,  and  notice  the  large 
amount  of  moisture  Avhich  they  give  off,  some  of  it  condensing  in  the  upper 
parts  of  the  tube.  Heat  some  animal  tissue  (meat)  and  observe  the  same. 
A  rough  Aveigliing  will  demonstrate  the  loss,  presunialily  of  water,  still 
more  clearly. 

Water,  among  other  substances,  is  taken  up  by  all  living  things, 
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and  it  is  the  medium  in  wliicli  occur  all  the  chemical  events 
associated  Avith  their  activity.  Few  chemical  changes  take  place 
under  any  circumstances,  unless  one  or  other  of  the  reacting 
bodies  is  in  a  fluid  state  (liquid  or  gas),  and  water,  being  so 
generally  distributed,  aff"ords,  by  its  solvent  action  and  universal 
presence,  the  medium  for  most  of  those  which  go  on  in 
nature. 

Besides  the  events  connected  Avith  solution  in  water,  and 
deposition  from  it,  the  next  most  important  class  of  natural  events 
is  that  which  arises  from  the  existence  of  oxygen  as  one  of  the 
constituents  of  the  atmosphere.  Oxygen,  together  with  nitrogen, 
and  a  minute  quantity  of  argon,  make  up  our  atmosphere,  but, 
of  these  bodies,  oxygen  alone  is  active,  and  its  activity  is  very 
general.  When  a  certain  temperature  has  been  reached,  it  com- 
bines energetically  with  carbon  and  most  bodies  containing 
carbon.  To  this  class,  coal,  loood,  and  all  organic  bodies  belong. 
The  phenomena  of  combustion  are  familiar,  but  besides  the  more 
apparent  oxidation  Avhicli  goes  on  when  a  fire  burns,  slow  pro- 
cesses of  oxidation  are  going  on  everywhere  around  us.  Organic 
matter,  that  is,  matter  which  is  derived  from  living  organisms, 
large  or  small,  is  constantly  being  oxidised  and  converted  chiefly 
into  carbon  dioxide  and  loater.  And  in  living  organisms,  too, 
a  slo'w  oxidation  is  an  invariable  accompaniment  of  life.  Air 
enters  our  lungs  and  combines  with  some  of  the  carbonaceous 
matter  in  our  body,  and  the  expired  gases  contain  a  quantity  of 
carbon  dioxide  which  Avas  not  present  in  the  inspired  air. 
The  necessity  of  fresh  air  for  the  life  of  all  animals  is  Avell 
known. 

Plants  absorb  material  from  the  air  and  soil,  and  from  them 
build  up  neAV  and  more  complex  material.  INIany  chemical 
changes  are  in  progress,  Avherever  there  is  a  scrap  of  vegetation. 
Animals  subsist  directly  or  indirectly  upon  vegetation,  for  if 
they  do  not  ahvays  eat  vegetation,  they  devour  other  animals, 
Avhich  have  either  themselves  been  nourished  on  vegetation  or  on 
vegetable-eaters.  But  the  vegetable-eating  animal  soon  trans- 
forms its  food,  and  assimilates  it  to  its  own  nature.  Chemical 
change  is  here  again  in  progress,  varied  and  subtle  in  its  action. 
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Wherever  life  exists,  chemical  and  j)hysical  changes  are  mingled  in 
bewildering  activity  and  profusion.  Eut  such  are  tlie  difficulties 
in  observing  them,  so  deeply  seated  are  they  in  the  substance  of 
the  organism,  that  little  more  than  the  bare  outline  is  known  of 
the  conditions  under  which  they  occur.  The  beginning  and  the 
end  of  most  of  the  changes  are  known  ;  it  is  with  regard  to  the 
intermediate  stages  that  Ave  are  more  ifrnorant. 


CHAPTEE  YII 

RELATION  OF  VARIOUS  CHANGES  TO  QUANTITY 
OF  MATTER 

Preliminary. — The  various  classes  of  physical  change,  about 
■which  something  has  been  learnt,  even  if  only  superficially,  need 
to  be  investigated  still  further.  Moreover,  it  becomes  important 
to  regard  them  as  part  of  a  general  system  of  change.  A 
superficial  knowledge  may  still  be  tlie  result  of  such  investigation, 
but  it  will  be  methodic  knowledge,  and  that  is  a  great  advance 
on  possessing  only  ideas  which  are  unrelated.  When  a  few 
generalisations  begin  to  be  made  from  very  diverse  facts,  then 
really  valuable  and  scientific  knowledge  begins  to  grow. 

Although  the  chief  facts  of  elementary  science  are  to  a  great 
extent  recorded,  there  still  remains  considerable  choice  as  to  the 
manner  and  order  in  which  they  are  to  be  acquired  by  the  student. 
The  facts  themselves  are  not  always  important  enough  to  be 
remembered  for  their  own  sake,  but  they  may  form  part  of  a 
scheme  of  knowledge,  and  in  this  case  they  acquu'e  an  additional 
value.  With  the  object  of  gaining  systematic  knowledge  rather 
than  storing  the  memory  with  promiscuous  information,  it  is  a 
great  advantage  to  be  directed  along  some  authoritative  plan  of 
inquiry.  It  is  essential  also  to  pay  attention  to  certain  of  the  broader 
principles  and  ge7ieraUsations,  which  include  many  varied  items 
of  information  or  observation,  and  reduce  them  to  some  kind  of 
order.  It  is  necessary  to  observe  and  dwell  upon  similarities 
rather  than  differences  between  two  classes  of  phenomena,  and  to 
describe  the  latter  in  the  most  general  language  that  can  be  found 
applicable.  We  shall  then  learn,  that  many  facts,  not  ordinarily 
associated  with  one  another,  are  in  reality  analogous,  capable  of 
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the  same  treatment  and  fitted  for  the  same  class.  The  same  argu- 
ments may  be  used,  and  the  same  statements  may  be  made,  about 
things  which  seem  at  the  first  glance  to  be  altogether  different. 

On  several  occasions  it  has  been  necessary  to  refer  incidentally 
to  the  manner  in  which  quantity  enters  into  all  questions  of 
change.  But  it  has  been,  so  far,  inappropriate  to  deal 
systematically  with  the  relation  of  mass  to  the  several  classes 
of  change  which  matter  may  undergo.  A  statement  of  the 
general  principles  which  may  be  derived  from  an  adequate* 
observation  of  the  facts  of  change  demands  more  time,  and  the 
comprehension  of  that  statement  demands  more  concentrated 
attention,  than  could  have  been  given  at  an  earlier  stage. 

Momentum. — Something  is  already  known  about  the 
quantity  known  as  momentum.  It  is  seen  to  be  made  up  of  two 
simpler  quantities,  mass  and  motion.  The  number  of  units  of 
mass  multiplied  by  the  number  of  units  of  velocity  gives  the 
number  of  units  of  momentum.  It  is  necessary  to  use  every  one 
of  the  words  in  the  preceding  sentence.  It  is  very  incorrect  and 
quite  meaningless  to  say  multiply  mass  by  motion.  There  is  no 
such  process.  What  Ave  do  multiply  together  is  numbers.  The 
product  of  these  numbers  informs  us  as  to  the  magnitude  of 
the  momentum  in  any  given  case.  The  unit  quantity  of 
momentum  is  that  of  1  gram  moving  with  unit  velocity  (1  centi- 
metre per  second)  in  the  metric  system,  or  1  lb.  moving  1  ft.  per 
second  according  to  the  English  scale. 

Observations,  described  on  p.  92,  may  bo  repeated  with 
advantage  here. 

Experiments.— 1.  A  cube  of  wood  about  four  iucLes  long  in  the  edge  is 
suspended  by  twine,  in  the  usual  manner,  to  allow  a  steady  displacement. 
Four  small  hooks  are  screwed  into  the  wood,  two  on  each  ojiiiosite  face  at 
the  top  ;  thin  twine  is  passed  under  each  hook,  and  the  ends  are  fastened, 
some  six  feet  above,  to  a  board  as  shown.  The  greater  the  length  of  the 
suspending  strings,  the  more  steady  is  the  system.  From  the  same  level 
hang  leaden  spheres,  so  as  to  touch  the  face  of  the  cube,  and  to  be  about 
fifty  and  one  hundred  grams  in  weight  respectively.  One  should  be  just 
double  the  weight  of  the  other,  the  quantities  not  mattering  much.  A  small 
strip  of  wood  is  now  ledged,  on  supports,  in  front  of  the  cube,  to  mark  the 
extent  of  its  displacement  by  the  momentum  of  the  sphere. 
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Draw  aside  the  two  shot  in  succession  througli  the  same  distance,  and 
note  in  each  case  the  distance  through  which  the  cube  is  disiilaced.  In  other 
words,  mark  the  effect  of  tivo  momenta,  one  double  the  other.  The  one  mass 
being  twice  the  other,  and  the  distance  through  wliich  they  fall  being  the 
same  in  each  case,  it  is  fair  to  say,  that  they  are  each  moving  with  the  same 
speed  when  they  strike  the  cube. 

The  time  taken  in  the  swing  of  a  pendulum  is  the  same,  within 
narrow  limits,  however  great  the  amplitude  of  the  swing,  that  is,  how- 
ever great  the  distance  through  which  it  passes  in  a  single  swing. 
Verify  this  statement,  by  displacing  the  two  pendulums  (for  they  are  both 
simple  pendulums)  through  unequal  distances  and  letting  go  at  the  same 
instant.  They  will  both  jpass  through  the  vertical  position  at  the  same  time, 
and  continue  to  do  so  at  each  swing.  From  this  it  follows,  that  the  speed 
must  be  proportional  to  the  amplitude  of  the  swing,  for  each  swing  has  to 
be  performed  in  the  same  time.  If  a  pendulum  is  displaced  through  two 
feet,  it  will  strike  the  cube  with  twice  the  speed,  possessed  after  it  has 
been  displaced  through  one  foot. 

A  number  of  observations  should  now  be  made,  varying  the  speed,  and 
trying  both  the  masses.  A  table  of  the  results  obtained  should  be  drawn 
up.  Among  other  things,  it  should  be  proved,  that  the  smaller  mass,  moving 
with  a  given  speed,  produces  the  same  effect  as  the  larger  body,  moving  at 
half  that  speed. 

A  further  variation  may  be  introduced  into  the  experiments,  which  may 
be  performed  with  this  api)aratus.  The  distance,  through  which  the  cube  is 
displaced,  will  depend,  other  things  being  unaltered,  upon  the  mass  of  the 
cube.  The  effects  produced  by  placing  additional  masses  of  known  value 
upon  the  cube  should  be  observed,  and  they  are  especially  interesting  at 
the  present  stage  of  our  course. 

2.  Two  blocks  of  wood  are  suspended  in  the  same  manner  as  in  the 
last  experiment.  The  longer  the  suspending  cords,  the  better  the  results. 
To  add  to  the  evenness  of  the  swing,  stays  are  fastened  to  the  blocks. 
These  must  be  firmly  screwed  to  the  blocks.  The  cords  have  to  be  adjusted, 
so  that  the  blocks  hang  level,  set  in  the  same  direction,  and  are  main- 
tained horizontal  when  displaced.  For  this  adjustment,  which  is  important, 
it  is  convenient  to  use  miniature  "runners,"  on  the  principle  of  those 
employed  in  pitching  a  tent.  The  blocks  serve  to  carry  additional  masses, 
and  since  the  impact  may  displace  a  body  which  is  not  fixed,  it  is  Avell  to 
employ  annular  masses  of  iron,  of  equal  weight,  which  pass  over  a  piece  of 
iron  rod  fixed  in  the  centre  of  each  Idock.  They  may  be  cast  for  the 
purpose.  Each  block  may  be  leaded,  if  necessary,  so  as  to  equal  in  weight 
one  of  the  iron  masses.  This  will  enable  masses  in  the  ratio  of  1,  2,  3, 
etc. ,  to  be  employed. 

The  object  of  this  apparatus  is  to  enable  various  momenta  to  be  balanced 
at^ainst  one  another  and,  indirectly,  to  enable  masses  to  be  measured  by  the 
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momenta  generated  with  a  given  speed.  By  varying  the  masses,  and  adjust- 
ing the  distance  through  which  they  are  disi)laced,  the  desired  effects  are 
produced.  The  speed  with  Avhich  each  is  moving  at  tlie  moment  of  imjiaet 
will  be  proportional  to  the  distance,  through  which  it  has  been  moved  from 
its  position  of  rest  before  being  released. 

It  is  an  advantage  for  most  of  the  experiments  to  be  performed  with  this 
apparatus,  that  tlie  blocks  should  adhere  on  impact,  so  as  to  permit  the 
immediate  redistribution  of  momentum  to  be  more  readily  observed.  For 
that  reason  either  a  spring  catch  is  fixed  to  the  opposing  faces,  or,  on  the  one 
a  piece  of  soft  wood  is  glued,  and  on  the  other  a  piece  of  wood  carrying  tvio 
sharp  points. 

Suggested  Observations. — Employ  equal  masses,  and  show  that  there 
is  no  movement  after  they  meet  at  the  centre,  when  they  have  been  equally 
displaced.  The  momenta  are  equal,  but  opposite  in  direction,  and  they 
balance  one  another.  Equal  masses  moving  at  the  same  speed  have  the 
same  momenta. 

Emijloy  masses  in  the  ratio  of  1  to  2,  but  allow  the  smaller  mass  to  move 
through  twice  the  distance  traversed  by  the  larger.  They  come  to  rest  on 
meeting,  since  the  momenta  are  still  equal,  mY  =  Mi'.  Also  use  masses  in 
the  ratio  of  1  to  3,  and  allow  the  speeds  to  be  as  3  to  1. 

Ascertain  the  magnitude  of  an  unknown  mass,  by  finding  out  the  distance 
through  which  it  must  be  displaced,  in  order  to  balance  the  momentum  of  a 
known  mass  moving  at  a  given  speed.  The  masses  are  inversely  propoi-tional 
to  the  speeds,  and  the  speeds  are  proportional  to  tlie  distances  traversed  on 
release. 

The  observations,  which  are  here  described  for  the  second  time, 
give  a  more  definite  meaning  to  what  our  muscular  sense  tells  us 
vaguely.  We  are  in  the  habit  of  gauging  the  quantity  of  matter 
in  an  object  before  us,  by  the  muscular  exertion  needed  to  move  it, 
by  the  intensity  of  the  "  push  "  we  have  to  give  it.  We  estimate 
quantity  of  matter  by  lifting,  2''ushmr/,  or  rolling.  Each  action 
brings  into  play  muscitlar  contractions  of  the  same  kind,  and  we 
are  sensible,  within  certain  limits,  of  the  extent  of  these  contrac- 
tions. We  have  a  sensation  for  quantity  of  matter,  which  is  as 
real  as  the  sensation  of  sight  or  hearing,  though  it  is  not  so 
accurate  as  they  are.  It  is  noteworthy,  however,  that  the  limits 
of  our  muscular  sense  are  as  restricted  as  our  muscular  energy. 
Those  masses,  which  we  are  unable  to  move,  remam  enthely 
unknown,  except  by  vague  estimates  from  size. 

Inertia. — The  sense  of  mass,  as  something  possessed  by  all 
bodies,  is  the  origin  of  the  term  inertia.     The  magnitude  of  the 
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resistance,  which  a  body  presents  iclien  ice  attempt  to  move  it,  gives 
rise  to  the  value  knoivn  as  inertia.  It  does  not  matter  what  the 
movement  may  be,  under  similar  conditions  the  greater  mass  has 
the  greater  inertia.  We  describe  a  resistance  to  change  by  this 
term,  and  inertia  may  be  intelligibly  described  as  the  tendency  to 
remain  at  rest,  to  be  inert,  though  it  is  better  to  regard  inertia,  as 
that  property  by  which  matter  makes  itself  known  to  us,  and 
known  to  us  in  varying  quantities.  Inertia  and  quantity  of 
matter  uiay  be  regarded  in  many  respects  as  equivalent 
terms. 

It  is  important  not  to  confuse  the  action  of  lifting  Avith  that 
of  pushmg  or  rolling  a  hody  along  a  smooth,  siirfctce.  If  we  lift 
two  bodies  through  the  same  distance,  the  effort  exerted  gives  an 
indication  of  their  masses,  but  to  lift  one,  and  roll  or  push  another, 
does  not  give  an  opportunity  of  comparison.  The  two  classes  of 
change  are  different,  for  in  lifting  we  have  to  contend  against  the 
earth-stress  or  gravitation,  as  well  as  the  inherent  inertia  of  the 
body. 

The  inertia  of  a  body  is  always  part  of  its  existence,  and  the 
property  Avhich  goes  by  this  name  will  be  recognisable,  however 
situated  the  body  may  be.  The  stress  Avhicli  pulls  a  body  to  the 
earth  is  a  fact  quite  distinct.  Its  value  depends  upon  the  earth 
itself.  Gravitation  on  the  sun  or  moon  is  a  very  different  thing. 
On  the  moon,  Avhich  is  much  smaller  than  the  earth,  a  given  body 
would  "  weigh  "  less,  would  be  attracted  to  the  moon  less  than  it 
is  to  the  earth.  On  the  sun,  however,  which  is  much  larger  than 
the  earth,  the  mutual  attraction  or  stress  would  be  much  stronger. 
The  body  would  "  weigh  "  far  more. 

But  whether  on  the  sun,  moon,  or  earth,  the  inertia  Avould  be 
the  same.  The  effort  required  to  set  it  in  motion  would  be  the 
same,  and  if,  by  chance,  we  met  the  body  in  space,  infinitely  re- 
moved from  all  other  matter,  where  no  attraction  in  any  direction 
existed,  it  would  still  have  its  characteristic  inertia.  It  would 
still  want  the  same  effort  to  move  it,  as  it  did  when  on  the  surface 
of  the  earth.  All  that  would  be  changed  would  be  its  "weight." 
It  would  have  no  weight,  that  is,  no  drag  in  a  certain  direction. 
It  would  not  be  pulled  in  any  way.      It  would  be  free  to  move  in 
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all  directions  equally.     But  it  would  offer  a  resistance  to  motion, 
due  to  its  unchangeable  inertia,  in  all  directions  equally. 

Illustrations. — The  eirect  })roi]uced  by  a  moving  boily  does  not  depend 
upon  its  weight  or  downward  pull  to  the  earth,  for  we  have  seen  that  tluse 
effects  ai-e  produced,  when  this  pull  is  counteracted  by  supporting  a  body  on 
strings.  Yet  the  inertia-effect  and  the  weight-value  will  always  have  the 
savie  relation  to  one  another  in  different  bodies. 

A  body  moving  rapidly  upwards,  a  shot  fired  in  the  air  for  example,  will 
have  an  effect,  which  depends  upon  its  speed  and  its  mass  together.  Thi» 
effect  will  be  the  same  in  whatever  direction  the  body  be  moving,  and  it 
would  be  the  same  whether  it  happen  near  the  eartli  or  away  in  space. 

A  large  stone  to  be  set  in  motion  upon  ice  requires  an  effort  dependent 
upon  its  mass.  There  is  no  question  of  weight  here,  for  the  surface  being 
horizontal,  weight  or  pressure  to  the  earth  does  not  come  into  play  at  all. 
It  is  neither  resisted  nor  utilised. 

A  bai-rcl  has  to  be  rolled  over  a  smooth  and  horizontal  pavement.  Its 
inertia,  dependent  upon  the  quantity  of  matter  present,  has  then  to  be 
overcome.  A  kick  will  tell  us  whether  a  barrel  is  full  or  empty,  and  the 
same  information  might  be  gained,  by  the  same  process,  if  the  barrel  and 
the  observer  were  placed  in  space  far  removed  from  any  other  attracting 
matter. 

Summary  and  Conclusions. — Enough  has  now  been  said 
to  emphasise  the  fact  that  the  mass  and  the  inertia  of  a  body  are 
invariable  values,  toliich  cannot  he  altered  hij  any  change  in  its 
circumstances,  whether  of  state,  condition,  or  situation,  whereas 
the  weight  of  a  body  depends  on  the  proximity  and  size  of  the 
neighbouring  bodies.  All  our  direct  and  certain  knowledge  has 
reference  to  the  earth,  as  the  origin  of  gravitation ;  but  by  means 
of  inference  and  reasoning,  that  which  approaches  very  closely  to 
certain  knowledge  is  gained  concerning  gravitation- effects,  varying 
in  value  and  extending  to  the  whole  of  the  universe.  The 
different  members  of  the  solar  system,  our  earth  and  the  other 
planets,  are  believed  to  be  retained  in  their  orbits  on  account  of 
a  mutual  action  between  themselves  and  the  sun,  which  is  the 
central  and  more  stable  member  of  the  system. 

But  attention  must  be  given  to  another  feature  in  the  facts 
described  in  this  chapter.  Momentum  has  been  stated  to  be  a 
product  of  matter  and  motion  alone.  Inertia  too  is  the  test  of 
the  existence  of  all  solid  matter.     In  no  instance  does  the  question 
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uf  ld}i(I  of  matter  come  umlcr  discussion.  Wliat  is  true  of  one 
kind  of  matter  is  true  of  another,  with  regard  to  these  points. 
The  inertia  of  10  lb.  of  co})})er  is  the  same  as  that  of  10  lb.  of 
butter.  The  gravitation,  too,  of  1  lb.  of  lead  is  the  same  as  for 
1  11).  of  feathers.  Quality  or  kind,  as  distinct  from  (quantity, 
may  be  ignored  on  these  occasions. 

But  matter  in  general  is  not  easy  of  comprehension.  In  dis- 
cussing any  changes  which  are  independent  of  the  kind  of  matter 
engaged  in  them,  something  more  than  ordinary  notice  is  needed 
to  grasp  their  full  meaning.  The  difficulty  in  apprehending  their 
import  is  mamly  due  to  the  fact,  that  they  are  part  of  a  larger 
scheme  of  activity  than  has  been  previously  treated.  The  ideas 
involved  are  wider,  and  their  application  is  more  general.  Their 
application,  in  fact,  is  universal,  and  in  confronting  for  the  first 
time  conceptions  of  the  highest  degree  of  generality,  the  student 
may  find  himself  incapable  of  realising  their  full  meaning.  It  is 
only  by  repeated  illustration  and  frequent  impression,  that  the 
words  fonuulating  such  comprehensive  thoughts  convey  their 
proper  value  to  his  intelligence. 

Still  another  aspect  of  inertia  remains  for  discussion.  So  far 
we  have  dealt  with  bodies  at  rest,  and  considered  the  effort 
necessary  to  move  them.  But  what  do  we  mean  by  a  body  at 
rest  1  Do  we  know  any  body  wdiich  is  absolutely  at  rest  ?  As  a 
matter  of  fact  the  words  "at  rest"  relate  solely  to  the  earth.  An 
object  which  does  not  alter  its  position  with  regard  to  the  earth  is 
at  rest.  But  we  know'  that  the  earth  and  the  body  upon  it  are 
actually  in  rapid  motion,  and  the  question  may  naturally  be  asked, 
wdiether  our  ideas  about  inertia  can  be  made  to  apply  to  matter  in 
the  state  of  motion. 

A  little  reflection  will  enable  us  to  understand,  that  when  we 
move  a  body  iipon  the  surface  of  the  earth,  we  do  not  move  it 
from  rest,  but  we  change  its  motion.  And  if  we  alter  the  word- 
ing of  each  description  of  inertia  already  given,  and  substitute 
^^  alter  the  motion  of"  for  "move,"  we  shall  have  gained  a  better 
understanding  of  the  situation.  The  magnitude,  which  we  call 
the  mertia  of  a  body,  is  just  the  same,  whether  we  estimate  it 
from  the  effort  required  to  move  it  from  its  position  on  the  earth's 
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surface,  or  from  the  effort  required  to  change  its  motion,  when  it 
is  moving  with  regard  to  the  earth's  surface.  In  each  case  a 
change  of  motion  is  produced. 

The  effort  required  to  change  the  motion  of  a  body  depends 
upon  its  inertia.  The  same  thought  is  conveyed  by  saying  that  it 
depends  upon  its  mass.  These  statements  cannot  be  studied  and 
reflected  on  too  carefully. 

By  a  slight  change  in  the  course  of  our  thoughts,  we  may^ 
pass  from  one  side  of  the  question  of  inertia  or  mass  to  another. 
We  may  consider  that  there  is  something  which  changes  the 
motion  of  a  body.  There  is,  indeed,  always  something  which 
does  change  it.  There  is  always,  somewhere  or  other,  a  change 
corresponding  with  the  one  we  are  watching.  No  event  OCCUrs 
alone  by  itself.  If  we  have  the  necessary  skill,  we  can  trace 
it  back  to  some  previous  event.  SomeAvliere,  perhaps  close  at 
hand,  there  must  be  another  event  to  "explain"  it,  as  we  say. 
This  desire  for  explanations  brings  us  to  look  upon  every 
event   as   produced   by    an   agent,    and  these  agents    are    called 

forces. 

A  force  is  the  agent  invented  to  explain  a  change  of  mo- 
mentum. We  can  never  observe  force,  for  there  is  nothing  to 
see.  All  Ave  perceive,'  in  connection  with  force,  is  a  change  in 
momentum,  or,  to  be  more  accurate,  a  rate  of  change  of  momentum. 
And  this  is  a  measurable  change,  and  so  gives  rise  to  the  idea  of 
force  as  a  quantity.  We  do  not  measure  the  magnitude  of  a  force, 
we  observe  change  in  the  quantity  of  a  viomenttmi.  And  some- 
where else,  in  most  cases  close  at  hand,  there  is  some  event  to 
correspond  with  the  first  change,  and  this  is  connected  Avith 
another,  and  so  on,  in  an  unending  series. 

Various  Sources  of  Energy. — The  energy  of  a  strained 
hod]/  is  perhaps  the  easiest  to  understand.  Energy  is  given  to  a 
body  by  deforming  or  straining  it.  A  spring  is  stretched  or  com- 
pressed, or  in  some  fashion  altered  in  shape.  An  elastic  body  is 
stretched,  bent,  or  compressed.  Steel  Avhen  deformed,  as  in  a 
clock  spring,  indiarubber  Avhen  stretched,  air  Avhen  compressed, 
all  represent  bodies  to  Avhich  energy  has  been  given.  They  are 
in  a  more  energetic  state,  because  they  have  been  altered  in  shape. 
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Theij  are  capable  of  hrmglng  about  changes  in  bodies  in  contact 
luith  them. 

A  hot  body  is  in  an  energetic  state,  bodies  tonching  it  may  be 
affected,  indirectly  or  directly,  so  that  they  move.  The  com- 
pressed steam  in  the  cylinder  of  a  steam-engine  expands  because 
it  is  hot,  and  moves  the  piston  in  expanding.  There  is  no  need 
to  dwell  upon  the  importance  of  this  source  of  energy. 

But  electrified  bodies  are  also  among  those  which  are  in  a 
special  state,  rendering  them  capable  of  doing  work,  and  so  are 
bodies  which  have  a  certain  composition.  An  electrified  body  at 
rest,  when  it  has  acquired  a  change  of  electricity  by  friction,  or  by 
communication  with  a  body  already  changed,  may  possess  no  very 
marked  capacity  for  affecting  other  bodies  in  the  way  of  perform- 
ing work  on  them.  But  when  a  large  quantity  of  electricity  is 
being  transferred  along  a  conductor,  the  conductor  may  be  capable 
of  performing  a  large  amount  of  work. 

To  achieve  this  Avork,  the  conductor,  conveniently  a  copper 
wire,  is  connected  with  an  armature,  which,  is  placed  between  the 
poles  of  an  electro-magnet.  The  current,  or  electricity  in  motion, 
passing  into  the  armature,  causes  it  to  rotate,  if  it  be  provided 
with  proper  axle  and  bearings.  In  principle,  what  is  needed  is 
the  construction  followed  in  the  dynamo.  If  the  current  be  then 
led  into  the  armature,  instead  of  being  taken  away  from  it,  rota- 
tion takes  place,  and  the  mechanical  energy  may  be  handed  on  by 
belts  and  shafting,  whereas  the  forcible  rotation  of  the  armature 
creates  the  current  in  the  ordinary  use  of  the  dynamo.  The 
machine,  so  used  to  convert  electric  energy  into  mechanical  energy, 
is  called  an  electro-motor  or,  shortly,  a  motor. 

Coal  in  virtue  of  its  chemical  state  is  a  source  of  energy.  It 
may  burn,  convert  water  to  steam,  and  the  steam  by  its  expansion 
may  drive  an  engine.  Zinc  is  another  example  of  a  chemically 
active  body.  It  may  be  consumed  in  a  cell,  assist  in  the  forma- 
tion of  an  electric  current,  and  this  may  be  utilised  in  various 
ways.  The  lead  in  an  accumidator,  or  secondary  cell,  is  chemically 
acted  on,  and,  by  its  association  with  other  substances  present,  it 
produces  an  electric  current.  Elementary  matter  is  a  valuable 
source  of  energy,  and  material  in  this  advantageous  condition  loses 
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its  energy  on  undergoing  chemical  combination.  It  is,  in  fact,  a 
state  of  isolation  or  freedom  from  chemical  alliances,  which  gives 
matter  of  a  more  or  less  elementary  character  its  possible  or 
potential  energy. 

One  of  the  most  important  as  well  as  most  interesting  parts  of 
a  student's  work  in  the  future  will  be  to  consider,  in  Avhat  forms 
energy  may  be  stored,  and  in  what  quantities  it  exists  in  various 
stores.  The  largest  supply  of  energy  at  the  disposal  of  mankind 
is  in  coal.  If  the  "  head  "  of  water  produced  by  tidal  movements 
could  be  utilised,  as  waterfalls  are  used,  the  supply  of  available 
energy  would  be  enormously  increased. 

Kinetic  Energy. — There  is,  however,  one  prominent  form 
of  energy  which  must  monopolise  our  whole  attention  at  this 
point,  and  this  is  the  form  of  energy  which  a  body  possesses  in 
virtue  of  its  motion.  It  is  called  kinetic  energy.  It  seems 
strange  at  the  first  glance,  that  we  should  discuss  ditierent  classes 
of  energy,  before  we  know  rightly  what  energy  itself  is.  But 
this  is  not  an  uncommon  experience.  We  cannot  imagine  that 
we  really  know  what  matter  is,  and  yet  Ave  have  no  hesitation  in 
talking  about  different  kinds  of  matter.  It  is  possible  that  we 
may  learn  what  energy  is  most  satisfactorily,  by  investigating  its 
chief  forms  in  succession,  but  for  the  moment  we  are  wholly  con- 
cerned with  the  properties  shown  by  matter  in  motion,  and  due  to 
motion  alone.  In  connection  with  the  kinetic  energy  of  a  body, 
we  have  no  need  to  consider  any  other  fact  or  capacity  but  speed. 
It  is  matter  in  motion,  and  in  consequence  of  its  motion  it  is 
energetic  matter. 

"VVe  may  regard  the  effects,  produced  by  a  body  in  motion,  as 
evidence  of  a  capacity  which  may  be  compared  with  its  thermal 
or  electric  capacity.  I>ut  this  kinetic  capacity  difi'ers  from  all 
others,  in  being  absolutely  independent  of  the  other  properties 
possessed  by  an  object.  It  is  dependent,  for  a  given  speed,  upon 
quantity  of  matter  alone.  It  is  never  infltienced  hy  the  kind  of 
matter,  as  other  physical  capacities  are  found  to  he.  Given  a 
certain  motion,  the  same  effects  are  produced  by  a  given  quantity 
of  matter,  whatever  its  nature  may  be. 

This  condition  was  found  to  exist  in  the  case  of  momentum. 
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But  we  no-sv  Ijcgiii  to  deal  with  sometliing  which  is  distinct  from 
momentum.  A  body  moves,  because  another  body  has  been  in 
contact  Avith  it,  or  is  now  pressing  upon  it.  The  exertion  of 
pressure  on  any  object  through  any  dista?ice  is  the  performance 
of  icork.  To  do  work  is  to  exercise  a  pressure  over  a  space. 
The  pressure  must  act  through  a  certain  distance,  or  no  effect 
will  be  produced ;  the  body  on  Avhich  the  work  is  done  must 
change  its  position  or  its  shape.  The  longer  the  distance,  the 
greater  is  the  amount  of  work.  Also,  the  greater  the  pressure, 
the  larger  the  amount  of  work. 

If  the  body  do  not  move  Avhen  it  is  acted  on,  yet  it  gains 
additional  energy  all  the  same,  but  not  of  the  kinetic  or  visibly 
moving  form.  It  is  then  described  as  having  potential  energy. 
A  stretched  or  compressed  spring,  a  compressed  gas,  a  heavy  body 
pressed  up  from  the  surface  of  the  earth,  are  examples  of  bodies 
possessing  potential  energy.  But  whether  the  energy  be  in  the 
kinetic  or  potential  form,  the  body  is  known  to  have  it  in  posses- 
sion, because  it  can  exert  pressure  upon  another  body  in  turn.  It 
can  hand  on  something  to  another  body.  It  can  do  work  upon  it, 
and  this  other  body  can  do  work  upon  another.  What  is  handed 
on  from  one  to  the  other  is  energy.  And  tJie  act  of  uvrJc  is  tlie 
transfer  of  energy. 

AVhen  energy  has  left  one  object  and  appears  in  another,  its 
form  may  have  changed,  but  whatever  may  be  its  form,  it  is  always 
recognisable  as  a  quantity  which  has  two  factors,  and  one  of  them 
is,  as  a  rule,  a  quantity  of  matter.  It  is  measured  as  a  certain 
quantity  of  matter  moving  at  a  definite  speed,  a  certain  quantity 
of  matter  at  a  definite  temperature,  or  a  certain  quantity  of  matter 
under  a  definite  pressure. 

Illustrations  of  Kinetic  Energy. — An  object  is  safely  supported  by  a 
thread.  Raise  the  body  and  allow  it  to  fall.  The  thread  is  broken.  It  is 
incapable  of  resisting  the  increased  energy  of  the  body.  It  breaks  in  the 
attempt  to  destroy  that  energy. 

Sus[iend  a  body  by  a  string  from  a  spring-balance.  Note  the  extension 
of  the  spring.  Raise  the  body,  allow  it  to  fall,  and  notice  the  increased 
extension  of  the  spring  when  the  motion  of  the  body  is  checked.  The  work 
done  on  the  spring  is  greater  when  the  body  is  moving,  than  when  it  is  at 
rest. 
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A  body  allowed  to  fall  upon  the  pan  of  a  strong  spring-balance  will  be 
found  to  increase  the  compression  of  the  spring,  as  the  distance  of  its  fall 
increases.  Sawdust  should  be  placed  on  the  pan  to  prevent  vibration  and 
noise. 

!N^ow  as  regards  the  last  experimeut,  it  may  be  noticed,  that 
the  time  during  which  a  body  has  been  falling  (or  the  length  of 
its  path)  is  a  measure  of  the  speed  attained  at  the  end.  By 
douhling  the  distance  of  the  fall  the  speed  is  made  four  times 
greater,  by  trebling  the  fall  the  speed  is  nine  times  greater  at  the 
end  of  the  path.  But  it  will  be  noticed,  and  tins  is  a  point  of 
very  great  importance,  that  twice  the  compression  is  produced 
when  the  distance  is  doubled.  In  other  words,  the  speed  must 
be  quadrupled  in  order  to  double  the  work  done.  This  is  the 
distinctive  feature  of  kinetic  energy.     It  is,  for  the  same  mass, 

proportional  to  the  square  of  the  speed. 

It  may  be  thought,  that  this  fact  is  not  clearly  proved  by  the 
experiments  already  given,  for  the  action  is  complicated  by  the 
existence  of  the  earth-stress.  But  the  stress  between  the  earth 
and  a  body  in  motion  may  be  overcome  or  avoided.  The  body 
may  be  rolled  along  a  smooth  horizontal  surface.  Here  too  we 
should  find,  if  the  speed  could  be  measured,  that  the  work  done 
by  a  moving  body  does  not  increase  directly  with  its  speed,  but 
with  the  square  of  the  speed. 

This  may  be  shoAvn  more  conveniently  by  noting  the  compres- 
sion produced  in  a  spring,  when  a  body  suspended  by  a  string  is 
allowed  to  strike  against  it.  In  this  case  the  string  receives,  and 
counteracts,  the  pressure  exercised  upon  the  body  by  the  earth. 
The  speed  with  which  it  is  moving,  as  it  strikes  the  spring,  may  be 
varied  by  altering  the  amplitude  of  the  swing  of  the  body.  Each 
swing  is  performed  in  the  same  time  with  string  of  a  fixed  length, 
and  therefore  a  longer  swing  implies  correspondingly  greater  speed. 
The  face  of  the  spring  should  be  placed,  so  that  it  is  struck  by 
the  body  when  it  is  at  the  centre  of  its  swing,  that  is,  when  the 
string  is  vertical.  The  compression,  in  this  case,  is  doubled,  when 
the  angle  through  which  the  string  is  displaced  is  made  four  times 
larger.     The  effect  is  proportional  to  the  square  of  the  speed. 

Jf  the  compression  on  a  graduated  spring  is  the  same  as  would 
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be  produced  by  a  weight  of  20  grams  [i.e.  the  earth-stress  on  20 
grams),  then  to  compress  it  to  the  same  extent  as  40  grams,  the 
speed  must  be  quadrupled  instead  of  doubled.  Care  and  quick- 
ness of  observation  are  needed,  in  order  to  read  tlie  instantaneous 
movement  of  tlie  index  of  the  S2:)ring. 

The  quantity  of  kinetic  energy  is  proportional  to 
the  product  of  the  number  of  units  of  mass  and  the 
square  of  the  number  of  units  of  speed. 

It  is  independent  of  kind  of  matter. 

Both  these  statements  may  be  demonstrated,  by  varying  the 
mass  and  the  kind  of  matter  in  the  above  experiment. 

Quantities  and  Chemical  Change, — The  alchemists  and 
searchers  after  the  philosopher's  stone,  busying  themselves  Avith 
the  transmutations  of  substances,  the  production  of  precious  metals, 
and  the  discovery  of  the  elixir  of  life,  were  never  limited  in  their 
speculations,  as  we  are,  by  considerations  of  quantity.  The  gi'owth 
of  a  substance  in  gravity,  or  the  appearance  of  new  matter  where 
none  existed  before,  always  existed  as  a  possibility  for  them. 
There  was  nothing  in  their  theories  or  knowledge  to  contradict 
the  belief,  that  such  events  might  happen.  But  when  attention 
began  to  be  turned,  to  inquire  whether  a  given  change  made 
a  body  lighter  or  heavier,  it  was  soon  felt,  that  knowledge  of 
quantity  might  afford  a  clue  to  the  nature  of  many  mysterious 
occurrences.  And  this  was  especially  the  case  with  the  pheno- 
mena of  fire  and  burning.  It  was  during  the  more  thorough 
investigation  of  these  things,  that  the  value  of  the  balance  as  a 
means  of  research  became  prominent.  In  the  course  of  time,  the 
employment  of  the  balance  became  a  habit,  and  a  body  of 
information  was  soon  amassed,  Avhich  was  destined  to  throw  much 
light  upon  many  difficulties  and  to  clear  the  way  for  the  rapid 
development  of  modern  science. 

The  discovery  of  oxygen  was  a  great  triumph  for  the  balance. 
And  it  was  not  only  the  discovery  of  oxygen,  first  of  all  by  Scheele 
ill  Sweden  in  1774,  then  in  the  same  year,  and  independently,  by 
Priestley  in  England,  and  slightly  later  by  Lavoisier  in  France,  that 
was  effected  by  the  use  of  this  instrument.  From  that  period 
began  the  establishment  of  a  new  science,  modern  Chemistrv. 
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Priestley  and  Sclieele  hotli  found,  tliat  there  Avere  certain 
substances,  Red  Lead,  Calcined  Mercury  (also  a  red  substance, 
now  called  oxide  of  mercury),  and  E'itre,  wliich,  when  heated, 
gave  off  what  they  called  j^re-r/as.  Lavoisier  repeated  the  experi- 
ment, of  which  he  had  been  informed  by  Priestley  in  Paris,  but 
he  made  measurements  of  the  quantity  of  fire-gas  given  off,  and 
of  the  alterations  in  the  weight  of  the  body  yielding  it.  It  is  to 
be  placed  to  the  credit  of  the  French  chemist,  that  he  carried  out 
a  systematic  inquiry  into  the  quantities  engaged  in  these  changes. 
He  established  the  constitution  of  atmospheric  air,  showing  that 
it  consisted  of  fire-gas  and  an  inert  gas.  Lavoisier,  too,  was 
aware  that  certain  metals  became  heavier,  when  heated  and 
calcined. 

It  was  Lavoisier  who  maintained,  that  a  part  of  the  atmos- 
phere combined,  in  the  act  of  burning,  Avith  the  object  burning, 
and  that  the  basis  of  the  event  did  not  consist,  as  most  of  his 
learned  contemporaries  believed,  in  the  escaj^e  of  a  fiery  principle, 
or  phlogiston,  from  the  substance  burnt.  For  long  this  theory 
of  phlogiston  had  been  accepted  without  question,  and  it  was 
only  abandoned,  when  Lavoisier's  convincing  demonstration  of 
the  transfer  of  matter,  from  the  atmosphere  to  a  combustible  body, 
in  the  act  of  burning,  was  achieved  by  the  aid  of  the  balance. 
The  substance  leaving  the  air  during  the  event  was  first  called 
oxygen  by  Lavoisier. 

Clearer  views  began  to  gain  ground  about  this  time  as  to  the 
nature  of  different  kinds  of  matter.  That  various  substances  were 
different,  by  reason  of  a  difference  in  the  grouping  together  or 
combination  of  a  limited  number  of  elementary  substances, 
had  always  been  entertained  from  the  earliest  days  of  Natural 
Philosophy  ;  but  a  clear  conception  of  the  elements  as  a  certain 
limited  number  of  substances,  which  cannot  be  resolved  into  more 
simple  components,  is  of  comparatively  late  growth. 

The  elementary  state  is  one  which  does  not  allow  of  further 
analysis.  Gold,  silver,  sulphur,  are  elements,  because  they  cannot 
be  resolved  into  other  kinds  of  matter.  From  gold,  nothing  but 
gold  can  be  obtained,  and  all  such  bodies  are  elements.  From 
calcined  mercury  or  nitre,  the  early  chemists  showed  that  other 
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substances  could  be  obtained,  and  they  are,  therefore,  not  element- 
ary but  compouiul.  All  the  complexity,  which  natural  objects 
present  to  us,  is  occasioned  by  different  modes  of  combination  of 
some  seventy  or  more  elements.  And  Chemistry  is  tlie  science 
u-Jiich  deals  icith  the  modes  in  which  tJiese  comhinations  take 
place. 

It  is  not  difficult  to  see,  that  the  quantity  of  one  kind  of 
matter,  entering  into  combination  with  another  kind  of  matter, 
stands  out  as  one  of  the  chief  things  to  be  studied.  The  balance 
was  the  instrument  -which  led  to  the  establishment  of  modern 
Chemistry,  and,  through  the  process  of  iceighing,  its  development 
and  expansion  has  been  sustained.  Attention  was  early  given  to 
the  characteristic  ratios  which  mark  chemical  union,  and  with 
their  consideration  arose,  almost  imperceptibly,  the  irrepressible 
belief  in  the  indestructibility  of  matter. 

In  much  of  the  reasoning  vised  in  these  early  days,  the  prin- 
ciple, that  matter  cannot  be  destroyed  or  created,  formed  a  part, 
though  perhaps  unconsciously,  of  the  argiunent.  We  can  now  see 
clearly  that  this  belief  is  a  necessary  part  of  our  present  views. 
Chemistry  is  hased  upon  the  accuracy  of  the  statement,  that 
matter  is  indestructible.  If  it  be  not  true,  that  the  total  quantity 
of  matter  in  existence  is  absolutely  fixed  and  invariable,  at  all 
events  within  the  field  of  our  observation,  then  all  the  theories 
of  Chemistry  are  wrong,  and  a  new  science  will  have  to  be 
constructed. 

Among  the  many  problems  which  Chemistry  has  to  solve, 
though  so  far  no  approach  to  a  solution  has  been  reached,  is  the 
remarkable  change  in  appearance,  which  occurs  when  a  substance 
enters  into  combination.  Why  a  substance  should  lose  all  the 
external  qualities  by  which  we  recognise  it,  has  not  yet  received 
an  explanation.  Why  oxygen  and  hydrogen  should  lose  their 
identity,  and  merge  themselves  in  a  new  material,  water,  is  not 
known.  All  their  qualities  do  not  disapj^ear.  There  is  one 
prominent  fact  which  remains,  and  it  must  remain,  if  the  con- 
servation of  matter  is  true.  There  is  no  alteration  in  mass. 
Though  there  is  so  fundamental  a  change,  in  respect  to  which  our 
senses  give  us  information,  as  when,  for  example,  two  impalpable 
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gases  produce  the  liquid  water,  yet  there  is  no  change  whatever 
in  the  total  quantity  of  matter. 

Lavoisier  himself  states  emphatically,  that  an  equal  quantity 
of  matter  exists  hefore  and  after  the  act  of  chemical  change.  The 
consequences  of  this  important  statement  are  to  he  found  in 
Dalton's  comprehensive  theory  of  the  existence  of  atoms, 
differing  in  weight  for  difterent  substances,  and  entering  into 
combination  Avith  one  another  in  accordance  Avith  their  character- 
istic weights.  The  important  series  of  events  which  lead  to  this 
Atomic  Theory  of  Dalton,  and  the  course  of  the  argument 
used  in  support  of  it,  demand  more  attention  than  can  be  given  to 
them  here.  But  one  thing,  even  at  this  stage,  must  be  emphasised, 
and  that  is  the  distinction  between  chemical  events  and  the  effects 
of  gravitation  or  momentum.  Equal  quantities  of  different  kinds 
of  matter  are  not  alike  in  chemical  affairs.  There  is  no  chemical 
equivalence  between  equal  masses  of  mercury  and  oxygen.  On 
the  contrary,  notably  unlike  quantities,  called  chemical  equi- 
valents, are  those  which  are  alike  in  value  for  chemical  action. 

Chemically  Equivalent  Quantities. — Notice  the  properties  of  hydro- 
chloric acid  solution,  how  it  turns  blue  litmus  solution  red,  its  corrosive 
action  on  metals,  such  as  zinc  and  iron,  its  action  upon  limestone,  or  car- 
bonate of  soda.  Behaviour  of  this  kind  is  our  reason  for  calling  it  an  acid. 
An  exceedingly  dilute  solution  would  have  a  sour  taste,  and  so  have  many 
acids,  but  it  is  unsafe  to  try  it. 

Next,  observe  the  properties  of  caustic  soda  or  sodium  hydrate.  It  has 
a  soapy  and  destructive  caustic  action  on  the  skin.  A  small  trace  alone  is 
enough  to  sho^y  this.  It  dissolves  very  readily  in  water,  making  the  water 
warm  in  doing  so.  The  solution  obtained  turns  the  red  litmus  solution  blue 
again,  apparently  neutralising  the  action  of  the  acid  in  some  way.  It  does 
not  resemble  the  behaviour  of  the  acid  in  any  way,  and  if  the  solution  is 
added  in  sufficient  quantity  to  the  acid  solution,  the  latter  loses  all  its  dis- 
tinctive properties.  It  no  longer  shows  the  properties  that  induced  us  to 
call  it  an  acid. 

The  alkali,  soda,  does  neutralise  the  acid,  that  is  to  say,  it 
counteracts  its  acid  nature.  And  this  fact  is  nothing  more  than 
what  may  be  observed  in  every  chemical  change,  an  alteration  in 
the  visible  and  salient  properties  of  the  substances  engaged  in  it. 

But  the  question  of  quantity  now  concerns  us  most.  Employ  burettes 
and   pipettes   for   the   nmasurement  of  quantity.      Remember   that  equal 
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volumes  of  a  given  solution  contain  equal  quantities  of  the  dissolved  body. 
In  a  solvent,  the  solid  is  uniformly  distributed. 

Use  equal  quantities,  10  cubic  ceutimetres  for  example,  on  each  occasion, 
taken  from  the  same  stock  of  soda  solution  ;  add  to  them  a  little  litmus 
solution,  and  ascertain,  by  making  repeated  trials,  the  exact  quantity  of  the 
same  acid  solution,  Mhich  is  needed  to  obtain  a  neutral  or  purple  colour  in 
the  solution.  So  long  as  there  is  any  caustic  soda  left  unacted  on,  the 
colour  will  remain  blue.  If  more  acid  is  added  than  is  needful  for  neutrali- 
sation, the  colour  turns  to  red.  The  intermediate  state,  -when  neither  too 
much  nor  too  little  acid  had  been  added,  is  indicated  by  a  purple  colour. 
Some  practice  will  be  needed  to  hit  it  off. 

Once  the  right  quantity  has  been  obtained  and  noted,  it  will 
be  found  to  hold  on  each  occasion,  and  to  hold  without  any 
observable  change  under  all  cu'cumstances. 

A  definite  quantihj  of  caustic  soda  always  reacts  ■with  a  definite 
quantity  of  hydrochloric  acid.  The  acid  property  will  disappear 
in  this  case,  and  so  will  the  alkaline  cpiality. 

Evaporate  the  neutral  solution,  obtained  by  mixing  the  right  quantities 
ascertained  to  be  needed,  but  do  not  use  any  litmus.  Observe  that  as  dry- 
ness approaches,  a  white  crystalline  solid  ajipears.  Continue  until  nothing 
but  a  solid  is  left.  This  difters  in  appearance  and  proj^erty  from  the  alkali, 
and  it  has  no  resemblance  to  the  acid. 

A  new  substance,  a  neutral  lx)dy  called  a  salt,  has  apjieared. 
This  is  common  table  salt,  also  called  sodium  chloride. 

Use  again  the  same  quantity  of  the  alkali,  namely,  10  cubic  centimetres, 
and  run  in  the  quantity  of  another  acid  needed  to  neutralise  it.  Use  weak 
sulphuric  acid.  The  same  exjDeriments  will  be  needed,  to  ascertain,  with  the 
aid  of  litmus,  when  the  neutralisation  is  exactly  reached.  Observe  that 
equal  quantities  are  needed  on  each  occasion,  as  before.  A  definite  quantity 
of  alkali  reacts  with  a  definite  quantity  of  sulphuric  acid. 

Evaporate,  and  observe  that  a  neutral  white  crystalline  salt  is  obtained. 
It  is  sulphate  of  soda,  and  it  may  be  shown  to  be  unlike  the  salt  previously 
obtained. 

Weigh  a  small  porcelain  dish,  and  use  larger  quantities  of  the  components, 
preparing  and  weighing  the  two  salts,  obtained  from  the  reaction  of  equal 
quantities  of  the  alkali  with  the  quantities  of  the  two  acids  needed  to 
equalise  them.  The  ratios  previously  ascertained  will  be  observed.  Different 
quantities  of  the  two  salts  will  be  obtained,  and  as  the  same  quantity  of 
alkali  is  used  in  each  case,  it  may  be  inferred  that  different  quantities  of  the 
acids  are  engaged  in  tiie  reaction. 
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Differe7it  quantifies  of  different  acids  neutralise  equal  quan- 
tities of  the  same  allcali. 

The  same  fact  may  be  conveyed  in  the  statement,  that  different 
quantities  of  different  acids  are  clieniically  equivalent. 

Similar  experiments  may  be  carried  out  with  the  same  quantity  of  a 
given  acid,  and  the  cliemically  equivalent  quantities  of  different  alkalies  be 
ascertained.  These  too  will  be  found  to  differ.  Caustic  soda  and  caustic 
potash  may  be  used. 

Weigh  out  "25  gram  of  magnesium  wire,  and  the  same  quantity  of  clean 
bright  iron  wire.  Fill  two  measuring-cylinders,  holding  500  cubic  centi- 
metres, with  dilute  hj^drochloric  acid,  and  invert  over  a  basin  of  acid.  Slip 
the  magnesium  under  the  one,  and  the  iron  under  the  other.  Gas  will  be 
disengaged,  but  to  a  different  extent  by  the  two  metals.  Experiments  may 
be  made  to  demonstrate,  that  the  gas  is  the  same  in  each  case.  It  is  called 
hydrogen. 

Different  quantities  of  the  same  gas  a7'e  liberated  from  the  same 
acid  by  equal  quantities  of  different  metals.  It  may  be  inferred 
then,  that  different  quantities  of  different  metals  are  equivalent  to 
one  another  in  this  experiment. 

Further  Experiments  to  show  that  Different  Quantities  of  Various 
Substances  are  Chemically  Equivalent. — The  displacement  of  silver  by 
magnesium  is  effected.  Weigh  a  small  quantity  of  magnesium.  Add  it  to 
silver  nitrate  solution  in  a  weighed  crucible,  and  pour  off  the  clear  liquid 
when  the  action  is  complete.  Wash,  evaporate,  and  weigh  the  silver  obtained, 
and  compare  it  with  the  weight  of  magnesium  employed  in  liberating  it. 

Place  a  small  quantity  of  bright  iron  wire  in  a  warm  solution  of  copper 
sulphate  in  a  weighed  vessel.  Copper  is  set  free.  Pour  off  the  liquid  when 
the  action  is  complete.     Wash,  evaporate,  and  weigh  the  copper. 

In  each  case  precautions  are  needed.  Washing  is  needed  to  get  rid  of 
the  non-significant  material.  Care  must  be  taken  that  the  action  is  com- 
plete. All  the  iron,  and  all  the  magnesium,  must  have  entered  into  the 
solution,  or  what  is  weighed  will  not  be  wholly  copper,  or  wholly  silver,  as 
the  case  may  be. 

Weigh  a  thin  strip  of  zinc,  and  suspend  it  by  a  thread  in  a  solution  of 
lead  acetate.  Collect  and  wash  the  crystalline  lead  which  is  deposited,  when 
the  action  is  complete.  The  lead  may  be  dried  and  weighed.  The 
quantities  of  zinc  and  lead  should  be  found  to  be  in  the  ratio  of  65  to  207. 

It  is  no  uncommon  experience  to  find,  that  special  changes 
attract  our  attention  more  persistently  than  those  which  are  more 
general.     And  this  inquisitiveness  over  exceptional  events  is  not 
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to  be  wondered  at,  Avlien  Ave  remember  liow  readily  we  accept 
without  inqiiiry  that  wliich  is  frequent  and  general.  Chemical, 
thermal,  and  electrical  changes  arouse  curiosity  at  once  by  their 
novelty,  but  the  effects  due  to  gravitation  are  so  familiar  that 
they  are  taken  for  granted,  and  so  general  that  they  frequently 
pass  without  recognition.  The  movement  of  bodies  towards 
the  surface  of  the  earth,  after  being  displaced  therefrom,  and  the 
limitations  Avhich  are  fixed  to  all  attempts  to  move  bodies  from  the 
earth's  sm-face,  arc  familiar  instances  of  a  constant,  general,  and 
uniform  relation  of  all  parts  of  the  earth  to  the  earth  as  a  whole. 

The  burning  of  coal,  gas,  or  candle  are  remarkable  events 
which  have  always  attracted  attention,  and  been  the  subject  of 
much  speculation,  though  they  have  been  incorrectly  explained  until 
within  comparatively  recent  years.  The  reflection  of  light  again 
is  taken  for  granted.  It  is  familiarised  by  the  use  of  mirrors.  But 
an  analogous  occurrence,  refraction,  at  once  attracts  the  attention. 

When  once  it  is  recognised,  that  the  stress  of  the  earth  is 
constant  and  unavoidable,  and  A^dien  it  has  become  possible  to 
measure  its  value  in  any  given  case,  the  existence  of  the  stress 
may  be  turned  to  good  account.  Other  stresses,  by  comparison 
with  that  of  the  earth,  may  be  measured  and  expressed  in  terms 
which  are  readily  understood.  AVithout  the  aid  of  this  universal 
stress  for  purposes  of  comparison,  we  should  be  at  a  loss  to  estimate 
much  of  Avhat  Ave  observe.  To  understand  the  service  rendered  by 
gravitation  as  a  means  of  comparison,  attention  must  be  giA^en  to  a 
striking  feature  in  it,  Avhich  appears  in  none  of  the  other  stresses 
hitherto  investigated.  The  A^alue  of  the  stress  never  varies  Avith 
the  nature  of  the  substance.  It  is  conditional  on  the  quantify, 
but  never  on  the  quality  of  the  matter  concerned.  On  the  other 
hand,  the  stress  Avhicli  is  called  chemical  action,  to  take  an 
example,  is  remarkably  discriminating  and  selective  in  its  opera- 
tion. Chemical  changes  never  take  place,  except  betAveen  certain 
definite  quantities  of  the  reacting  material,  and  certain  kinds  of 
matter  are  alone  capable  of  reacting  chemically.  The  Science  of 
Chemistry  is  mainly  concerned  Avith  a  classification  of  different  kinds 
of  matter  in  accordance  Avith  their  reactions,  and  with  the  deter- 
mination of  the  relative  quantities  engaged  in  these  reactions. 
1 1 
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Thermal  Changes  in  Relation  to  Quantity  of 
Matter. — It  is  scarcely  necessary  to  demonstrate,  that  the 
resultant  temperature,  when  two  quantities  of  water  at  different 
temperatures  are  mixed,  is  somewhere  between  the  two.  It  is  an 
invariable  experience,  tlrat  when  bodies  of  different  temperature 
are  brought  together,  they  assume  in  course  of  time  tlie  same 
temperature. 

Use  two  equal  quantities  of  water  at  different  temperatures.  One 
quantity  is  to  be  placed  in  a  large  beaker  packed  round  with  cotton-wool  or 
asbestos.  Its  temperature  may  be  for  convenience  that  of  the  room.  Pour 
into  it  the  equal  quantity  of  water,  which  is  warmer,  and  has  its  tempera- 
ture taken  just  before  it  is  poured.  The  I'esultant  temperature,  after  stirring 
with  the  thermometer,  will  bo  found  midway,  or  nearly  so,  between  the 
two.  The  one  has  gained,  and  the  other  has  lost,  the  same  quantity  of  heat, 
except  so  far  as  the  vessel  and  surrounding  air  liavc  gained  in  temperature. 

The  unit  of  heat,  or  calorie,  is  that  quantity  which  changes 
the  unit  quantity  of  water  (or  1  gram)  through  1°  C.  This  is  the 
metric  unit.  The  English  unit  would  be  that  Avhich  changes  1  lb. 
of  water  through  1°  Fahrerdreit. 

With  this  idea  of  heat  as  a  quantity  before  us,  it  is  easy  to 
see  how  changes  of  temperature  have  a  very  different  value, 
according  as  the  quantity  of  matter  undergoing  it  is  great  or  small. 
In  this  we  have  a  resemblance  to  momentum.  A  small  change  of 
temperature  in  a  large  mass  is  like  a  small  movement  in  a  large 
mass.  A  small  change  of  temperature  may  be  an  event  of  great 
magnitude,  if  it  takes  place  over  a  large  mass. 

To  realise  this  more  vividly,  raise  a  piece  of  platinum  ■wire  by  means  of  a 
blowpipe  to  a  white-hot  state.  A  very  high  temperature,  higher  than  can 
be  measured  directly,  is  reached  in  the  platinum.  Allow  it  to  fall 
immediately  into  some  water  in  a  beaker.  Note  that  the  change  of 
temperature  in  the  water  is  inappreciable. 

Thermal  Changes  in  Relation  to  Quality  of  Matter. — Mix  together 
equal  masses  of  water  and  turpentine  at  known  temperatures,  in  the  manner 
already  described.  The  resultant  temperature  after  stirring  well  is  not 
midway.  Perform  the  same  experiment,  using  water  and  mercury.  Pour 
the  warmer  mercury  into  the  water  placed  in  a  beaker  packed  in  asbestos 
wool. 

The  same  fall  of  temperature  in  two  different  substances  is 
not  the  same  physical   event,   and  this  is  wliy  the  change   of 
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temperature  in  one  direction,  in  the  one  kind  of  matter,  is  not 
l)alanced  by  a  similar  change  in  the  contrary  direction,  in  a 
ditferent  kind  of  matter.  A  fall  of  10°,  for  example,  in  water 
does  not  correspond  with  a  rise  of  10°  in  turpentine  or  mercury. 

Similar  changes  of  temperature  do  not  halance  one  another,  or 
correspond  with  one  another,  in  different  lands  of  matter. 

All  thermal  changes  are  influenced  by  the  sid^stances  with 
which  they  are  associated.  When  ccpial  quantities  of  the  same 
kind  of  matter  at  different  temperatures  are  instantly  mixed,  the 
resultant  tempera tin-e  is  midway  between  the  original  temperatures. 
But  if  equal  quantities  of  unlike  substances  are  brought  together 
under  similar  circumstances,  the  resultant  temperature  is  not  the 
mean,  but  varies  according  to  the  nature  of  the  substances  used. 
This  gives  rise  to  the  rather  clumsy  term  Specific  Heat,  which 
denotes  that  the  value  or  magnitude  of  the  thermal  eilect  depends 
upon  the  species  of  matter  as  well  as  the  quantity. 

In  rough  experiments,  approximation  to  the  truth  is  the 
most  that  the  student  must  expect.  Unless  a  long  period  of 
time  be  given  up,  and  many  refinements  of  precaution  adopted, 
in  carrying  out  the  investigations,  the  best  results  cannot  be 
obtained.  Accurate  values  can  never  be  obtained,  unless  our 
observation  include  everything  tcliich  undergoes  change.  In  these 
crude  experiments  a  numlier  of  changes  are  purposely  ignored. 

Quantities  which  are  Thermally  Equivalent. — If 
the  cooling  of  one  kind  of  matter  through  1°  be  not  equivalent 
to  the  rise  of  another  through  1°,  when  they  are  in  intimate 
contact,  it  should  not  be  difficult  to  ascertain,  in  what  quantities 
the  bodies  must  be  present,  in  order  that  similar  changes  of 
temperature  in  them  may  be  equivalent,  or  in  other  words,  how 
much  of  each  is  wanted  in  mutual  exchanges  of  heat. 

Weigh  out  about  20  grams  of  copper  foil.  Roll  it  into  a  coil.  Suspend 
it  so  that  it  will  hang  evenly  in,  and  be  well  covered  by,  about  200  grams  of 
water  in  a  beaker.  This  water  is  prepared,  and  its  temperature  taken. 
Meanwhile  heat  the  copper  coil  to  a  known  temperature,  and  immerse  it  in 
the  water,  without  touching  the  sides  of  the  vessel.  The  heating  may  be 
done  by  immersing  the  copper  in  boiling  water  for  a  few  minutes.  It  is 
true,  that  water  will  cling  to  it  as  it  is  being  transferred  to  the  beaker,  but 
the  error  due  to  this  is  very  slight  compared  with  any  inaccuracy  in  the 
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I'cadiiig  of  the  thermometer.  Unless  the  transfureiice  is  very  rapid,  the 
temperature  of  the  copper  will  not  be  much  over  90°  when  it  reaches 
tlie  beaker.  Move  it  about  by  twisting  the  thread,  to  allow  of  exchange  of 
heat  with  the  water.     Take  the  temperature  of  tlie  water. 

It  is  necessary  to  calculate  from  your  observations,  what  quantity  of 
copper,  changing  through  1°,  would  be  equivalent  to  1  gram  of  water, 
changing  through  1°.  This  is  not  difficult  to  carry  out.  But,  first  of  all,  we 
may  restate  the  basis  of  all  such  thermal  measurements. 

A  change  of  1°  C.  in  1  gram  of  water  is  tlie  unit  quantity  of 
heat.  Similar  alterations  of  temperature,  within  tlie  Kmits  of 
our  experimental  work,  may  be  taken  as  of  equal  vahie.  For 
example,  a  change  from  50°  to  51°  may  he  accepted  as  equal  to 
that  from  10°  to  11°.  They  are  not  strictly  alike,  though  very 
nearly  so,  but  Ave  must  for  the  present  regard  them  as  alike. 

The  product  of  the  number  of  grams  of  Avater  affected  and 
the  number  of  degrees  of  change  gives  the  number  of  units  of 
heat.  100  grams  of  water  changed  through  H°  requires  150 
units  of  heat,  or  as  we  may  say,  150  units  of  heat  are  absorbed 
in  changing  100  grams  through  l|-°.  To  change  50  grams 
through  3°  would  absorb  the  same  quantity  of  heat,  and  the 
fall  of  50  grams  through  3°  Avould  provide  enough  heat  to  raise 
50  grams  by  3°.  And,  a  fall  of  temperature  in  one  body  taking 
place  Avhile  another  body  becomes  Avarmer,  these  changes  are 
mutual  and  self-explanatory. 

But  if  Ave  are  dealing  Avith  a  substance  Avhich  is  not  Avater, 
Ave  must  bring  it  into  comparison  Avith  Avater.  It  is  clear  that  a 
change  of  1°  in  copper  is  not  equivalent  to  a  change  of  1°  in 
Avater.     We  may  ask  tAA'o  questions  : — 

1.  How  much  copper  is  equivalent  to  i  gram  of 
water  in  a  thermal  change  ?     <  )r, 

2.  How  far  will  a  gram  of  water  be  raised  in 
temperature  by  i  gram  of  copper  in  falling  through  i°  ? 

13oth  questions  refer  to  the  ^ame  p^il/sicaJ  fart,  and  this  fact 
may  be  expressed  in  different  Avays.  Either  Ave  may  say,  as  the 
result  of  investigation,  that  10'52  grams  of  copper  are  equivalent 
to  1  gram  of  Avater,  and  that  a  given  change  in  this  quantity  of 
copper  corresponds  with  the  same  change  m  1  gram  of  Avater ;  or, 
on  the  other  hand,  Ave  may  say  that  1  gram  of  copper  in  changing 
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through  1°  C.  corresponds  with  a  change  of  '095°  in  1  gram  of 
water.  The  fact  is  tlie  same.  The  form  of  expression  is  a  matter 
of  choice. 

10 "52  grams  of  copper  are  equivalent  to  1  gram  of  water,  or 
1°  in  1  gram  copper  corresponds  with  '095°  in  1  gram  Avater. 

YfC^  =  '095  approximately. 

IS'ow  there  is  still  another  way  of  looking  at  this  same  fact. 
Inasmuch  as  the  change  of  1°  in  1  gram  of  water  is  regarded  as 
the  unit  quantity  of  heat,  we  may  take  the  change  of  a  fraction  of 
a  degi'ee  in  1  gram  of  water  as  a  fraction  of  a  unit  of  heat.  There- 
fore we  may  say  that  "095  of  a  unit  of  heat  loill  he  needed  to  raise 
1  gram  of  copper  tlirough  1°.  A  term  which  is  a  relic  of  the  past 
embodies  this  idea,  namely,  specific  heat,  and  it  is  usually 
defined  as  the  quantity  of  heat  required  to  raise  the  temperature 
of  1  gram  of  the  substance  through  1°  C.  It  is  a  quantity  which 
must  be  represented  by  a  fraction,  for  the  capacity  of  water  for 
heat  is  greater  than  that  of  most  bodies,  and  the  specific  heat  of 
water  is  taken  as  1. 

"When  the  unequal  capacity  of  different  kinds  of  matter  for 
heat  is  represented  by  a  table  of  the  quantities  of  various  kinds  of 
matter,  which  are  equivalent  in  thermal  respects  to  1  gram  of 
water,  we  bring  our  result  into  line  with  similar  series  of  equiva- 
lent quantities.  Thermal  equivalents  may  be  compared  with 
chemical  equivalents,  and  in  many  cases  similar  ratios  occur. 
For  example,  we  know  that  10  "5 2  grams  of  copper  and  8*92  of 
iron  are  equivalent  to  1  gram  of  water  in  the  matter  of  thermal 
change.  But  nearly  the  same  ratio  is  preserved  by  copper  and 
iron  in  chemical  exchanges.     A  few  other  values  are  now  given  : — 

Table  of  Thermal  Equivalents. 
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Lead 

31-74 
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Platinum 
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10-52 

Tin 

17-89 
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AVater      . 

1 

GoLl 

30-86 

Zinc 

10-69 

Ice  . 

2-0 

Iron 

8 -32 
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On  comparing  these  numbers  -with  those  which  represent 
equivalence  of  other  kinds,  we  shall  find  reason  in  the  relation,  to 
regard  changes  of  temperature  as  events  touching  the  particles,  of 
which  visible  portions  of  matter  are  composed.  It  is  not  the 
volume  or  the  mass  of  matter,  which  puts  conditions  upon  thermal 
events.  It  is  clearly  something  more  intimate  which  is  under 
change,  and,  we  may  argue,  it  is  the  indistinguishable  constituent 
parts  of  matter. 

The  results  of  chemical  and  of  electric  researches  make  this 
statement  probable.  That  there  are  certain  physical  events,  Avhich 
touch  the  inner  particles  rather  than  the  visible  matter,  is  to  be 
inferred  from  chemical,  electric,  and  thermal  observations  Avith 
equal  certainty.  Chemical,  thermal,  and  electric  equivalents  point 
with  considerable  agreement  in  the  same  direction. 

Further  Practical  Work  in  Calorimetry.— The  thermal 

equivalents  of  several  substances  should  l)e  measured,  noting — 
that  the  best  results  will  accrue  if  the  material  exposes  as  large 
as  possible  surface  to  the  water — that  no  losses  of  heat  should 
be  overlooked — that  as  large  as  possible  change  of  temperature  in 
the  substance  is  advisable— and  that  great  error  in  the  calculations 
may  result,  from  a  slight  error  in  the  reading  of  the  temperature 
of  the  water,  for  a  mistake  of  ^th  of  a  degree  is  serious  when  it  is 
multiplied  by  200  or  more. 

Shot,  granulateil  zinc,  aluminium  foil,  and  small  iron  nails,  in  known 
quantities,  may  be  used.  To  raise  their  temperature,  they  may  be  placed  in 
a  large  tube,  and  the  tube  immersed  in  boiling  water.  A  thermometer  in 
contact  with  the  substance  will  indicate  tlie  temperature  a^jproximately. 
Care  is  needed  to  prevent  the  breaking  of  the  glass  vessels.  It  is  always 
well  to  support  the  calorimetric  vessel  by  threads,  to  prevent  loss  of  heat 
by  conduction,  but  it  must  not  be  forgotten,  that  loss  by  radiation  is  always 
going  on  in  these  experiments. 

As  in  the  prcA'ious  experiment,  the  temperature  of  a  known 
quantity  of  water  rises,  until  there  is  tliermal  equilibrium  between 
it  and  the  objects  placed  in  it.  But  the  resultant  temperature 
shows,  as  Ave  may  expect,  that  the  cliange  in  one  substance  is 
not  equal  to  the  change  in  the  other,  even  Avhen  their  relative 
(piantities  arc  taken  into  account. 
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To  realise  still  more  clearly,  that  different  quantities  of  unlike  substances 
are  thermally  equivalent,  prepare  two  beakers,  each  with  about  200  grams 
(or  cubic  centimetres)  of  water  in  it,  at  the  same  temperature  as  the  room. 
Suspend  by  a  thread  a  piece  of  aluminium  foil  Aveighing  4 '95  grams,  and  a 
piece  of  sheet-lead  of  about  the  same  thickness  weighing  31  "74  grams. 
Hang  them  in  boiling  water  for  a  few  minutes,  then  place  the  lead  in  one 
beaker  and  the  aluminium  in  the  other.  It  is  better  to  allow  them  to  hang 
in  the  water,  if  possible,  without  touching  the  bottom.  Notice  that  after 
a  few  minutes,  when  equilibrium  is  obtained,  the  temperature  of  the  water 
is  the  same  in  each  case. 

Here  the  same  effects  have  been  produced,  under  precisely  the 
same  conditions,  by  two  very  different  quantities  of  the  tioo  unlilie 
substances. 

The  Melting  of  Ice. — A  known  quantity  of  water  at  a  known  tempera- 
ture lias  a  small  jiioce  of  ice  placed  in  it.  When  it  is  melted,  the  temperature 
of  the  water  is  taken,  and  the  whole  again  weighed.  The  addition  to  the 
mass  represents  the  ice  added. 

It  is  known  that  the  water,  which  is  obtained  from  the  liquefaction  of  ice, 
is  the  same  temperature  as  the  ice  before  it  melted.  Place  a  thermometer  in 
a  vessel  full  of  crushed  ice,  and  this  will  be  clearly  seen.  The  temperature 
remains  at  O"",  so  long  as  there  is  ice  unmelted. 

r>ut  an  important  question  arises.  What  events  are  in  pro- 
gress to  account  for  the  change  from  the  solid  to  the  liquid  state  ? 
The  answer  will  be  found  by  measuring  the  changes  that  take 
place  in  the  water,  air,  or  other  material,  which  surrounds  the  ice 
while  it  melts.  They  are  found  to  cool  remarkably.  While  a  small 
quantity  of  ice  is  changing  its  state,  a  large  amount  of  energy  in 
the  form  of  heat  leaves  the  objects  near  it.  It  is  convenient  to 
allow  the  ice  to  be  surrounded  by  water  for  purposes  of  measure- 
ment, but  any  other  body  in  the  place  of  the  water  would  be 
correspondingly  lowered  in  temperature. 

If  10  grams  of  ice  be  added  to  200  grams  of  water  at  14'5°,  it 
will  be  found,  that  the  temperature  of  the  whole,  after  a  time,  is 
abfuit  10°.  From  this  fact  it  is  clear,  that  while  10  grams  of  ice 
have  melted,  and  while  the  Avater  resulting  from  it  has  risen  to 
10\  the  whole  of  the  200  grams  of  water  liave  fallen  through  iV. 
That  is,  900  units  of  heat  (200  x  4,^/)  have  been  absorbed,  in  melting 
10  grams  of  ice  and  raising  the  result  to  10°.  Or,  10  grams  ice 
melt  and  rise  to  10',  Avhile  200  grams  water  fall  4^°,  or,  again, 
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900  units  are  used  in  melting  10  grams  of  ice,  and  in  supplying 
100  units  (10x10°). 

900  imits  cause  cliange  of  state  and  supply  100  units, 
900  -  100  units  arc  therefore  used  in  melting  10  grams  ice,  or, 
80  units  used  in  melting  1  gram  ice. 

Eesults  approximating  to  this  value  should  be  obtained.  The 
number  of  units  of  heat  required  is  called  the  latent  heat  of 
water.  It  is  the  heat  absorbed  in  performing  the  work  of 
melting  the  solid,  A  certain  quantity  of  energy  is  always  ab- 
sorbed in  the  performance  of  work.  The  nature  of  the  work  is 
not  apparent.  It  is  inferred  to  be  a  disturbance  in  the  grouping 
and  position  of  the  minute  particles  constituting  ice  and  all  other 
matter.  The  liquefaction  of  all  solids  requires  a  supply  of  energy. 
The  exact  amount  varies  with  the  kind  of  matter  being  liquefied. 

Note. — It  should  be  remembered  that  once  water  is  frozen  the  temperature 
may  fall  continuously.  While  freezing,  or  Avhile  melting,  there  is  no  change 
in  temiierature,  and  the  same  remark  applies  to  all  substances. 

Heat  absorbed  in  melting  Paraffin. — A  determination 
of  the  same  character  as  the  last  may  be  carried  out  with  parafiin- 
wax.  The  solid  paraffin  is  placed  in  a  weighed  beaker,  and  its 
mass  ascertained.  A  known  quantity  of  warm  water  at  a  known 
temperature  is  added,  and  the  temperature  taken  after  the  lique- 
faction of  the  paraffin. 

To  ensure  greater  accuracy  in  this  experiment,  it  is  advisable  to  ascertain 
the  cooling,  which  would  take  place  in  hot  water  when  placed  in  the  beaker 
for  three  minutes.  This  cooling  is  due  partly  to  radiation,  and  partly  to  the 
warming  of  the  beaker  and  of  the  air  near  at  hand.  The  number  of  units  of 
heat  lost  in  this  way,  in  the  time  occupied  by  the  experiment,  may  be  found 
out,  and  allowance  may  be  made  for  them  in  the  calculation.  In  order  to 
render  the  melting  of  the  paraffin  as  rapid  as  possible  when  the  observation 
is  n)ade,  it  is  advisable  to  spread  it  in  a  thin  layer  over  the  bottom  of  the 
vessel.  This  may  be  done  by  melting  and  allowing  to  cool.  For  the  glass 
beaker  a  nickel  vessel  may  be  substituted,  but  in  any  case  a  preliminary 
observation  must  be  made,  as  to  the  cooling  Avhich  would  take  place  if  the 
paraffin  were  not  present. 

The  heat  absorbed,  in  raising  the  temperature  of  the  vessel 
itself,  is  estimated  in  terms  of  what  is  called  its  water- 
equivalent.      That   is,   observations    are    made,   and    these  are 
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simple  enough,  to  find  out  the  quantity  of  water  to  which  the 
vessel  is  equivalent.  It  is  often  desirable  to  be  able  to  regard  the 
vessel  as  so  much  extra  water. 

The  measurement  of  heat  is  usually  taken  from  the  change 
in  a  given  quantity  of  Avater  in  a  vessel.  But  the  vessel  itself 
changes  somewhat.  How  much  it  changes,  or  rather  Avhat  number 
of  units  of  heat  have  to  be  allowed  for  this  change,  is  ascertained, 
by  adding  a  known  quantity  of  water  at  known  temperature,  not 
too  high,  and  observing  its  fall.  If  10  grams  of  water  fall  in  this 
process  from  17''  to  16°  while  the  temperature  of  the  room,  and 
therefore  of  the  vessel  at  first,  is  15°,  then  the  temperature  of  the 
vessel  may  be  considered  to  rise  through.  1°  (from  15°  to  16°),  and 
10  units  of  heat  are  required  to  bring  about  this  change  (10  grams 
of  water  falling  1°).  JSTow  we  know,  that  had  the  10  grams  of 
water  at  17°  been  placed  in  10  grams  of  water  at  15°,  it  would 
have  raised  it  to  16°,  just  as  much  as  it  has  raised  the  vessel. 
Therefore,  we  regard  the  vessel  as  equivalent  to  \Q  grams  of  icater. 

The  Conversion  of  Water  to  Steam. — An  absorption 
of  heat,  similar  to  that  just  witnessed  in  the  melting  of  ice,  takes 
place  when  water  passes  to  steam.  Now  as  this  event  is  a  change 
of  state  still  more  remarkable,  for  it  must  be  admitted,  that  steam 
is  still  farther  removed  from  water  in  all  its  properties,  than  water 
is  from  ice,  we  may  expect  it  to  be  accompanied  by  more  striking 
thermal  changes,  than  those  which  take  place  when  ice  melts.  Just 
as  ice  does  not  change  in  temperature  while  it  is  melting,  so  water 
in  boiling  never  alters.     It  remains  at  100°. 

Now  it  must  be  stated  before  we  begin,  that  when  water 
changes  to  ice,  a  quantity  of  heat  or  energy  is  set  free,  correspond- 
ing to  that  absorbed  in  the  converse  change.  To  melt  ice,  heat  is 
said  to  be  rendered  latent.  Hence  the  term  *'  latent  heat  "  is 
used,  though  nothing,  strictly  speaking,  is  latent,  and  the 
changed  condition  explains  the  absorption  of  heat.  lint  in  the 
freezing  or  solidifying  of  water,  the  converse  change  occurs.  Sur- 
rounding bodies  are  warmed,  in  the  same  degree  as  they  are  cooled 
on  melting. 

In  just  the  same  fashion,  the  heat  absorbed  in  vaporising 
water   is   restored   to   the    Ijodies    near   it,   -when  steam   li(|uefies. 
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Surrounding  bodies  gain  a  large  amount  of  heat  during  this 
change,  just  as  much  as  the  steam  took  up  during  its  formation. 
Assuming  this  statement  to  be  true,  and  there  are  numerous  facts 
to  support  it,  we  may  measure  the  latent  heat  of  steam,  by 
observing  the  changes  which  occur  Avhen  steam  is  condensed  to 
Avater.  This  happens  to  be  hj  far  the  most  convenient  method  of 
making  this  measurement. 

It  is  necessary  to  pass  dry  steam  into  a  known  quantity  of  Avatcr  at^a 
known  temperatiu'e.  It  is  important  to  have  the  steam  dry,  tliat  is,  in  the 
state  of  a  gas  before  it  has  begun  to  condense, 
otherwise  some  of  the  heat  evolved  will 
escape  our  observation.  To  prevent  any  loss 
from  premature  condensation,  the  steam  from 
a  vessel  of  boiling  water  passes  through  a  tube 
leading  into  a  wider  tube.  A,  Fig.  26,  from 
which  it  emerges  by  a  narrower  tube,  B,  and 
then  may  pass  directly  into  the  weighed 
quantity  of  water.  Condensed  steam  will 
collect  in  the  lower  part  of  A,  but  the  open- 
ing of  tube  B  remains  above  this.  As  soon 
as  steam  has  been  allowed  to  escape  long 
enough  to  warm  the  apparatus,  it  will  be 
evident  that  the  steam  escaping  from  B  is 
wholly  in  the  gaseous  state.  It  is  then 
allowed  to  pass  into  the  water,  until  the 
water  becomes  moderately  hot  (not  above 
50°).  Eemove  the  tube,  with  as  little  water 
as  possible  adhering  to  it,  and  read  the  tem- 
perature. Weigh  the  vessel  again,  and  note 
the  increase  in  weiglit.     The  increase  repre- 


FiG.  2G. — A]>paratus  for  de- 
termining the  latent  heat 
of  steam. 


sents  tlie  matter  which  has  changed  its  state. 

The  estimate  of  the  steam  condensed  in  the  water  is  the  most 
probable  source  of  error  in  the  experiment,  and,  for  this  reason,  it 
is  important  not  to  take  away  a  quantity  of  water  from  the 
calorimeter  in  removing  the  delivery-tube,  and  it  is  important, 
also,  not  to  allow  so  much  steam  to  be  condensed,  that  the  water 
loses  by  rapid  evaporation.  Unfortimately,  both  these  losses  are 
on  the  same  side,  tliat  is,  they  make  it  ap[)ear,  that  less  than  the 
actual  cpiantity  of  steam  has  been  added.  Against  this  error, 
there  is  considerable  loss  by  the  cooling  of  the  water  during  the 
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exporiment.  This  may  be  ascertained  liy  noting  tlie  time  of  tlie 
experiment,  and  then  finding  out  the  extent  of  coohng  which 
takes  place  in  that  time,  under  any  circumstances,  Avith  water 
of  the  mean  temperature  obtaining  diiring  the  expermient. 

In  carefid  work  it  Avould  be  important  to  prevent  cooling,  as 
far  as  possible,  by  careful  insulation  of  the  calorimeter.  In  a  rough 
experiment  of  this  kind,  the  heat  from  the  flame  used  in  boiling 
the  water  in  the  flask  would  help  to  compensate  for  the  loss  by 
cooling  in  the  caloruueter. 

The  nmnerical  value,  for  the  conversion  of  1  gi'am  of  water  to 
steam  (or  of  1  gi-am  of  steam  to  water,  Avhicli  has  the  same  value), 
is  gamed,  by  taking  into  account,  (1)  that  a  given  quantity  of 
water  is  raised  through  a  known  number  of  degrees,  and  (2)  that 
this  is  done  by  a  known  quantity  of  steam  changing  to  water  at 
100°  (the  temperature  of  steam  itself),  and  then  falling  from  100° 
to  the  temiierature  of  the  rest  of  the  loater.  In  other  words,  the 
number  of  units  of  heat  given  out  by  steam  in  condensing  is 
equal  to  the  number  gained  by  the  water,  less  that  numher  con- 
tributed  hy  the  condensed  steam  in  falling  from  100°  to  the  final 
temperature. 

All  these  values  are  to  be  practically  ascertained,  and  the  cal- 
culation for  1  gram  is  very  simple,  if  the  results  of  the  experiments 
are  entered  in  a  notebook  as  follows : — 

Mass  of  water  used  ........ 

Temjierature  of  water  at  start  ...... 

,,  ,,         at  end     ...... 

Increase  ill  mass  of  water  (or  steam  engaged)     . 
Observed  latent  heat  of  steam  (or  heat  evohed   wlitii 

1  gi'am  of  steam  condenses)         ..... 

Ecery  liquid  absorbs  a  certain  quantity  of  heat,  varying  irifh 
the  nature  of  the  liquid,  on  being  converted  into  a  vapour ;  a?id  on. 
passing  back  to  the  liquid  sfafp,  the  same  quantity  of  heat  is 
evolved. 

It  is  not  always  easy  to  comprehend,  that  water  at  0^  must 
give  out  energy  as  it  freezes,  in  spite  of  the  very  obvious  results 
which  ensue,  when  steam  at  100"  condenses  to  Avater  at  100°. 
The  main  requirement,  for  success  in  observing  this  condition  for 
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change  of  state,  is  to  be  able  to  hasten  the  change.  If  the 
freezing  of  water  were  to  take  place  suddeyily,  it  would  be  more 
apparent.  As  it  is,  the  change  takes  some  time,  and  the  effect  is 
not  evident.  To  attempt  to  understand  the  facts  better,  ascertain 
the  latent  heat  of  paraffin-wax. 

Draw  up  a  little  liquid  wax  in  a  narrow  piece  of  glass  tuning,  close  up 
the  end,  allow  it  to  cool,  and  fasten  to  a  tliermometer.  Place  them  together 
in  water,  gradually  raise  the  temperature  of  the  water,  and  watch  when- the 
paraffin  melts.  Several  observations  will  enable  a  mean  temj  erature  to  be 
taken,  and  this  will  be  more  likely  to  be  accurate. 

Then,  having  found  the  melting  point,  prepare  a  small  quantity  of  water 
at  this  temperature,  and  also  a  quantity  of  liquid  parafBn-wax.  Pour  a 
(]^uantity  of  the  liquid  wax  into  the  water,  and  a  distinct  rise  of  temperature 
will  be  observed,  although  the  liquid  poured  in  was  at  the  same  temperature 
as  the  water. 

By  weighing  the  water  before  and  after  the  paraffin  is  added,  and  noting 
the  change  of  temperature  produced  by  the  solidification  of  the  paraffin,  an 
approximate  value  for  its  latent  heat  of  fusion  may  be  obtained. 

Quantity  of  Matter  and  Electricity. — In  m^ny  of  its 
manifestations,  there  is  no  distinctive  connection  between  quantity 
of  matter  and  electrification.  In  the  passage  of  electricity  through 
solid  bodies  by  the  process  of  conduction,  there  is  no  indication  of 
quantitij  of  matter  being  a  consideration.  The  dimensions  of  the 
conductor  do  influence  the  process  of  conduction,  and  it  is  true 
that  quantity  is  connected  with  size.  Along  a  thick  conductor 
conduction  takes  place  more  readily  than  along  a  thin  one.  Sec- 
tional area  is  the  significant  quantity,  and,  as  is  known,  the 
process  varies  also  in  accordance  with  the  kind  of  mutter. 

Again,  the  qtiantity  of  matter  in  a  conductor  does  not  deter- 
mine the  change  produced  in  it  by  a  charge  of  electricity,  but  the 
extent  of  its  surface  is  all-important.  When  two  bodies  of  dif- 
ferent tentperature  are  brought  together,  resultant  temperature 
depends  upon  their  relative  quantity  and  their  kind.  But  when 
two  bodies  in  a  different  electrical  condition  are  brought  together, 
their  resultant  state  with  regard  to  electricity,  when  equililuium 
is  attained,  does  not  depend  upon  the  kind  of  matter,  nor  upon  its 
quantity.  It  depends  upon  the  surface  which  the  body  presents. 
A  hollow  body  behaves  in  the  same  fashion,  with  regard  to  an 
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electric  change,  as  a  solid  one  of  the  same  size  and  shape.  Their 
electric  capacities  are  alike. 

But  when  a  current  of  electricity  is  caused  to  pass  through  a 
conducting  solution,  changes  may  be  observed  in  which  a  distinct 
relation  to  quantity  and  kind  of  matter  asserts  itself.  A  process 
of  electrolysis  usually  occurs,  when  a  chemically  complex  liquid 
conducts  electricity,  and  vahies  known  as  electro-chemical 
equivalents  are  as  characteristic  in  these  changes,  as  chemical 
and  thermal  equivalents  are  in  their  special  changes. 

Weigh  and  mark 
two  clean  and  bright 
copper  plates,  and 
connect  them  -nitli 
a  support,  such  as 
shown  in  Fig.  27. 
Place  them  in  a  sohi- 
tion  of  copper  sul- 
]ihate  in  a  beaker. 
Weigh  also  carefully, 
and  mark,  two  small 
Iji'ight  silver  plates, 
and  connect  them  in 
the  same  manner 
with  a  support.  Im- 
merse these  in  a 
solution  of  silver 
nitrate  in  a  beaker. 
Connect  these  plates 
immersed      in       the 

liquids,  and  serving  the  purpose  of  voltameters,  or  current  measurers, 
with  two  or  three  Daniell  or  bichromate  cells.  That  is,  introduce  them 
into  a  circuit  through  which  a  current  may  pass,  and  connect  them  in 
such  a  manner  that  the  voltameters  form  successive  parts  of  the  circuit. 
In  that  case,  the  same  current  will  pass  through  both  vessels.  Allow 
the  current  to  pass  for  about  ten  miniates.  Dry  and  weigh  again  the 
plates  on  which  a  deposit  has  occurred.  Reference  to  the  marks  will  enable 
you  to  distinguish  the  plates,  and  the  difference  between  the  present  and  the 
original  weight  informs  you  of  the  quantity  of  matter  deposited  (in  the  one 
case  it  is  copper,  in  the  other  silver).  The  amount  of  deposit  of  a  known 
material  is  the  standard  by  ivhich  quantity  of  current  is  measured. 


Fig.  27. — Apparatus  for  experiments  on  electrolysis. 

-D= Daniell  cells.  C=  Copper  voltameter. 

.5'=  Silver  voltameter. 


It  will  be  noticed,  that  the  quantities  of   the  two  kinds  of 
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matter,  deposited  under  identical  circumstances,  are  different. 
The  relative  quantities  of  silver  and  copper  deposited  will  be  in 
the  ratio  of  the  electro-chemical  equivalents.  All  these  equivalents 
are  determined  by  experiments  of  this  kind.  They  will  he  found 
closely  connected  with  chemical  equivalents.  This  means  that  the 
special  quantities,  between  which  chemical  action  takes  place, 
are  the  same  as  those  which  are  liberated  under  the  action  of 
an  electric  current. 

It  may  be  noted  in  connection  with  this  change,  that  all  points 
of  a  circuit  are  alike  with  regard  to  electrolytic  energy.  There 
may  be  alterations  in  the  physical  conditions  at  certain  points,  the 
conducting  material  may  be  changed  in  dimensions  or  kind,  but 
the  same  current  value  for  the  electricity  obtains  everywhere,  as  is 
evidenced  by  the  fact  that  the  cJiemical  changes  correspond,  hoio- 
ever  much  these  conditions  may  xiary. 

And  it  may  be  pointed  out  that  the  chemical  changes  within 
the  cell  are  included  in  this  statement.  The  substances  tuithin  the 
cell  undergo  changes  similar  to  those  tvithouf. 

Summary. — Wherever  events  of  a  physical  or  chemical 
nature,  excepting  only  those  in  which  the  ether  itself  is  mainly 
engaged,  e.g.  light  and  certain  electric  events,  are  proceeding, 
there  is  always  a  certain  quantity  of  matter  engaged.  This  fact 
may  not  appear  directly  or  prominently.  But  we  have  already 
learnt  that  every  change  in  nature  is  preceded  or  accompanied  by 
another  change,  and  this  by  still  another,  and  so  on.  We  may 
now,  however,  make  a  still  more  definite  statement,  that  the 
innnediate  and  direct  cause  of  every  physical  change,  with  the 
exceptions  above  stated,  is  another  physical  change,  involving  a 
certain  quantity  of  matter,  and  the  quantity  involved  is  always  a 
measure  of  the  extent  of  the  change  produced.  In  the  illustra- 
tions which  have  preceded,  it  will  be  evident,  that  whether  we 
are  dealing  with  heat,  electric  current,  or  mechanical  work, 
there  is  always,  somewhere  or  other,  a  certain  equivalent 
transformation,  or,  as  it  is  more  usually  termed,  consumption 
of  energy,  going  on,  at  the  same  time,  and  corresponding  with 
it. 
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Questions  and  Suggestions  for  Practical  Work. 

Note. — In  the  measurement  of  heat,  or  calorimetrij,  the  follow- 
ing terms  are  used  : — 

Calorie,  the  quantity  of  heat  required  to  raise  a  gi-ain  of 
■water  through  1°  C. 

Specific  Heat,  or  specific  capacity  for  heat,  a  number  denot- 
ing the  quantity  of  heat  required  to  raise  a  gram  of  a  substance 
through  1°  C. 

1.  Take  equal  ^'eights  of  copper,  iron,  and  aluminium  (wire  is  most 
suitable,  as  equal  weights  are  most  easily  obtained  in  this  way),  place  them 
in  boiling  tubes,  heat  them  to  100°  C.  and  jjlunge  each  into  equal  quantities 
of  water  at  same  temperature.  Note  carefully  what  happens  in  each  case, 
and  suggest  deductions  that  may  be  formed  from  this  experiment.  What 
ditTerence  would  it  have  made  if  equal  volumes  had  been  used  ? 

2.  Calculate  the  number  of  calories  needed  to  raise  100  grams  of  water 
from  0°  to  15°  C,  and  also  to  raise  the  same  quantity  to  60°  C.  Mix  two 
such  quantities  of  water  together  thoroughly  and  take  the  temperature  of 
the  mixture.  Explain  clearly  what  has  become  of  the  heat  lost  in  the  one 
case  and  gained  in  the  other. 

3.  Heat  200  grams  of  water  to  boiling  point,  and  allow  it  to  cool,  taking 
its  temperature  at  the  end  of  each  minute.  Write  down  carefully  the 
number  of  calories  it  loses  at  each  observation,  and  also  the  number  of 
degrees. 

4.  Exjilain  clearly  what  is  meant  by  saying,  that  the  specific  heat  of 
water  is  thirty  times  as  great  as  that  of  mercury. 

Mix  a  kilogram  of  boiling  water  with  a  kilogram  of  mercury  at  O''  C. 
and  ascertain  the  temperature  of  the  mixture.     Explain  wliat  has  happened. 

5.  What  distinction,  if  any,  exists  between  "  specific  heat "  and  "thermal 
capacity."  Find  the  heat-capacity  of  a  calorimeter  ;  that  is,  how  manv 
calories  will  raise  it  1°. 

6.  How  much  steam  at  100°  wUl  exactly  melt  10  kilograms  of  ice  ? 

7.  Find  out,  (1)  by  method  of  mixture,  (2)  by  method  of  fusion  of  ice, 
(3)  by  methol  of  cooling,  the  specific  heat  of  a  known  quantity  of  buck- 
shot. 

Account  for  any  ditferenee  that  may  occur  in  the  results  obtained. 

8.  Describe  any  form  of  calorimeter,  and  the  method  of  using  it. 

9.  Distinguish  carefully  between  "degree  of  temperature  "  and  "unit 
of  heat."  20  grams  of  .steam  at  100°  C.  are  condensed  in  a  metal  tube 
surrounded  by  200  grams  of  water  at  10°  C.  If  the  water  equivalent  of  the 
tube  be  10  grams,  and  the  latent  heat  of  steam  536,  calculate  the  tempera- 
ture to  which  the  water  will  be  raised. 
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10.  How  would  you  compcare  the  tlienual  conductivities  of  bodies  whose 
cajjacities  for  heat  are  dilfereut  ? 

11 .  The  specific  heat  of  copper  is  '09.  How  many  lbs.  of  copper  at  300°  C. 
will  produce  2  lb.  of  water  when  placed  in  the  ice  calorimeter  ? 

12.  A  piece  of  tin  weighing  125  oz.  is  kept  in  boiling  water  till  its  tem- 
perature is  100°.  It  is  then  taken  out  and  dropped  into  63  oz.  of  water  at 
0°  C.  The  temperature  of  the  water  then  rises  to  10°.  What  is  the  specific 
heat  of  tin  ? 

13.  A  piece  of  iron,  weighing  750  grams,  at  200°  C.  is  placed  in  ice  at 
0°  C.     How  much  ice  will  be  melted  ?     Specific  heat  of  iron  =  "114. 

14.  You  are  given  a  piece  of  brass,  weighing  50  grams  and  at  a  tem- 
perature of  16°  C,  how  many  calories  will  be  required  to  raise  it  to  a  tem- 
perature of  26°  C.  ?     (Brass  has  a  specific  heat  of  '09.) 

15.  Wliat  temperature  is  denoted  by  the  same  number  in  the  Centigrade 
as  in  the  Fahrenheit  scale  ?  Is  there  more  than  one  temperature  which 
fulfils  this  condition  ? 

16.  On  the  summit  of  a  mountain  water  boils  at  182''  F.  :  if  a  ther- 
mometer were  graduated  there,  without  taking  into  account  the  atmospheric 
pressure,  what  would  be  the  real  temperature  when  this  thermometer 
registers  62°  F.  ? 

17.  Take  several  short  bars  (thick  wire)  of  different  metals,  heat  them  at 
one  end  in  the  same  way.  Take  the  time  required  in  each  case  to  reach  the 
same  temperature  at  the  other  end.  How  does  this  agree  with  the  order  of 
their  several  conductivities  for  heat  ?  Explain  any  difference  that  may 
appear. 

18.  Make  a  supersaturated  solution  of  sodium  sulphate.  Describe  and 
explain  the  rise  of  temperature  that  occurs,  when  a  crystal  of  the  same  salt 
is  drojiped  into  such  a  solution. 


CHAPTEE  VIII 

PHYSICAL   AND   CHEMICAL    PROPERTIES    OF    MATTER 

Matter  is  formed  of  Small  Particles. — Although  our 

l-Liiowledgc  of  the  ultimate  composition  of  bodies  is  at  present  of  a 
somewhat  Hmited  natin-e,  still  there  are  many  facts  which  lead  us 
to  suppose  that  solids,  liquids,  and  gases,  each  and  all  of  them, 
are  really  made  up  of  very  Tninute  particles  of  matter. 

Different  substances  have  different  kinds  of  particles,  but  in 
every  case  these  particles  are  too  small  to  be  visible  with  even  the 
most  powerful  optical  instruments.  If  we  take  any  elementary 
substances  such  as  sulphur  and  lead,  Avhich  are  solids  at  the 
ordinary  temperature  of  the  air,  and  warm  them  in  a  vessel, 
in  each  case  Ave  get  the  same  result,  viz.,  that  the  solids  gradually 
lose  their  shape  and  become  liquid.  This  can,  on  reflection,  only 
be  accounted  for  in  one  Avay.  The  small  particles  of  the  solid  on 
T)eing  heated  increase  their  vibratory  motion,  and  are  thus 
unable  to  remain  in  the  same  positions  relative  to  one  another, 
as  they  do  Avlien  the  tem})erature  is  Ioav  and  excursions  are  more 
limited. 

Wc  have  good  reasons  for  believing  that  even  in  the  hardest 
of  solids  the  particles  do  actually  vibrate,  but  the  movement  is  so 
small,  that  the  solid  retains  its  definite  shape,  and  the  position  of 
one  particle  as  regards  its  neighbours  is  unchanged.  When  Ave 
heat  even  such  hard  substances  as  iron,  hoAvcA^er,  a  change  sets  in, 
and  the  particles  take  up  new  positions,  and  begin  to  roll  over 
each  other,  and  eventually  the  solid  is  converted  into  a  liquid. 
The  more  Ave  raise  the  temperature  the  more  mobile  does 
the  liquid  become,  and  if  we  continue  long  enough,  or  are  able  to 
apply  sufficient  heat  for  the  purpose,  the  particles  noAv  begin  to 
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move  about  so  freely,  that  they  escape  in  increasing  numbers 
from  the  surface  of  the  liquid,  and,  in  time,  the  liquid  becomes 
entirely  changed  to  a  gas,  which  rapidly  diffuses  and  spreads  all 
over  the  room,  however  big  it  may  be. 

Almost  every  elementary  substance  has  been  obtained  in  each 
state  of  matter,  either  as  solid,  liquid,  or  gas.  Even  refractory 
substances  such  as  hydrogen  gas  have  by  means  of  pressure,  and 
cold,  been  reduced  first  to  the  liquid,  and  then  the  solid  state. 

Experiments. — 1.  Take  a  small  flask  of  alcoliol  and  i)laee  it  in  a  large 
cylinder.  Then  carefully  add  water  until  it  is  above  the  mouth  of  the  flask. 
It  will  be  found  that  after  some  little  time  the  alcohol  has  dilTused  out  from 
the  flask  and  has  permeated  throughout  the  water,  and  that  the  water  has 
in  like  manner  invaded  the  flask  which  contained  originally  nothing  but 
alcohol. 

This  change  can  only  have  taken  place  by  the  imperceptiljle  movement 
of  very  minute  [larticles  of  each  liquid. 

2.  In  a  similar  way  show  that  a  solid  surface  such  as  a  lump  of  sugar,  a 
piece  of  salt,  or  a  large  crystal  of  copper  sulphate  when  placed  in  liquid 
gradually  disappears.  The  particles  of  the  solid  creep  into  the  sj^aces 
between  the  particles  of  the  liquid,  and  diff'use  so  thoroughly  that  it  is  easy 
to  prove  that  a'"ter  a  time  the  Avhole  is  homogeneous.  Note  (1)  that  there  is 
a  limit  to  the  amount  of  solid  which  can  thus  diff'use  ;  (2)  that  the  rate  of 
solution  depends  on  the  extent  of  areas  in  contact,  i.e.  a  jwwder  dissolves 
more  readily  than  a  lump  ;  (3)  that  movement  quickens  solution  ;  (4)  that 
temperature  alters  amount  of  solid  which  dissolves  ;  (5)  that  the  quantity  of 
solid  which  will  dissolve  in  a  liquid  varies  with  the  nature  of  the  solid. 

3.  To  show  that  gases  diff'use  in  the  same  way  as  liquids,  connect  two 
flasks  one  above  the  other,  liy  an  indiarubber  tube  provided  with  a  clip. 
The  upper  may  be  filled  with  a  light  gas,  such  as  ammonia,  and  the 
lower  with  one  of  greater  density,  such  as  air.  When  the  clips  are  opened, 
the  minute  particles  of  each  gas  begin  to  move  upwards  in  the  case  of  one, 
and  downwards  in  the  case  of  the  other,  until  the  whole  matter  is  homo- 
geneous. The  particles  of  one  gas  have  thoroughly  mixed  with  the  other. 
This  nuay  readily  be  proved  by  immersing  each  flask  in  water  (mouth  down- 
wards). The  water  will  rise  half-way,  showing  that  each  flask  now  contains 
half  its  volume  of  soluble  anniionia  gas.  This  experiment  also  shows  that 
the  particles  of  a  gas  can  enter  into,  and  permeate,  a  liquid  just  as  solids  do. 

4.  Clamp  a  Boyle's  tube  firmly  in  an  upright  position.  Now  pour 
mercury  down  the  open  arm :  you  will  notice  that  the  more  mercury  you 
add,  the  smaller  becomes  the  volume  of  contained  air  owing  to  the  pressure 
of  the  column  of  mercur}-.  Tlie  particles  of  a  gas  can  be  concentrated  and 
made  to  fit  closer  to  each  other  by  pressure.     In  fact,  by  a  modification  of 
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this  experiment,  compression  can  be  carried  to  such  an  extent,  that  the  gas 
will  become  liquid. 

5.  That  a  gas  can  also  enlarge  its  volume  may  be  seen,  either  by  pouring 
away  some  of  the  mercury,  when  the  gas  will  gradually  resume  its  original 
volume,  or  by  M'arming  the  gas  in  the  closed  tube  with  a  spirit  lamp,  which 
will  also  bring  about  separation  of  its  particles. 

Tlie  volume  of  a  gas  then,  we  learn  from  this,  is  dependent 
upon  two  things,  temj^erature  and  pressure.  These  two  factors  are 
indeed  of  .supreme  importance  in  determining  the  physical  state 
of  any  form  of  matter.  Whether  a  substance  is  at  any  given 
moment  solid,  liquid,  or  gas  depends  wholly  upon  the  temperature 
and  pressure. 

Addition  of  energy  in  the  form  of  rise  of  temperature  will 
always  tend  to  make  the  small  particles  of  matter  vibrate  faster, 
and  on  the  contrary  loss  of  energy  in  the  shape  of  fall  of  tempera- 
ture Avill  always  tend  to  moderate  the  vibration,  and  to  cause 
solidification. 

The  theory  of  Avogadro  is  founded  upon  observations 
such  as  the  above.  It  is  an  attempt  to  explain  the  fact  that  all 
gases  undergo  similar  changes  in  volume  lolien  similarly  changed 
in  temperature  and  pressure.  It  assumes  that  equal  volumes  of 
gases  contain  an  equal  number  of  particles  or  molecules,  if  under 
the  same  conditions  of  temperature  and  pressure,  and  suggests 
this  similarity  of  constitution  as  an  explanation  of  similarity  of 
behaviour. 

Indestructibility  op  Matter. 

It  has  already  been  noticed  Avith  regard  to  matter  that,  try  as 
we  may,  we  cannot  destroy  any  part  of  it.  We  are  enabled,  by 
supplying  to  matter,  various  forms  of  energy,  such  as  heat, 
electricity,  motion,  etc.,  to  change  its  state,  but  never  are  we  able 
to  effect  its  actual  destruction. 

A  few  simple  experiments  will  serve  to  emphasise  this 
important  statement. 

1.  Boil  water  in  a  flask  connected  by  a  tube  with  a  receiver,  the  water 
will  disappear  from  the  flask,  but  reappear  again  in  the  receiver. 

2.  Heat  some  mercury  in  a  long  dry  tube.     The  liquid  will  gradually 
disappear  from  the  heated  end  and  reform  as  small  globules  in  the  cooler  end. 
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3.  Pass  an  electric  current  through  some  hydrochloric  acid  in  a  two- 
tubed  voltameter,  the  acid  will  decrease  in  bulk,  but  we  shall  obtain  in  the 
tubes  its  constituent  gases. 

4.  A  strong  current  of  electricity  passed  through  fragments  of  diamond, 
charcoal,  or  graphite  in  an  atmosphere  of  oxygen  causes  the  disappearance 
of  the  element,  and  formation  of  carbonic  acid  gas,  from  which,  however, 
the  carbon  can  be  recovered  again  by  subtracting  the  oxygen  by  means  of 
heated  sodium. 

5.  The  familiar  experiment  of  collecting  (iu  caustic  soda)  the  gases 
from  a  burning  candle  is  another  excellent  proof. 


Elements  or  Simple  Substances. 

There  is  good  reason  to  believe  that  matter  is  made  up  of 
small  particles.  But  in  some  of  its  forms  it  contains  small 
jKirtides  of  a  similar  nature,  that  is,  tliey  are  simple  bodies  ; 
while  others  contain  particles  of  different  kinds,  and  these  are 
bodies  of  compound  nature. 

We  cannot  get  anything  out  of  snlpliur,  by  lieating,  except 
sulpliur.  It  is  still  sulphur,  whether  in  the  solid,  liquid,  or  gaseous 
state.  I^ow  let  us  dissolve  it  in  carbon  disulphide,  one  of  the  few 
liquids  in  which  it  will  dissolve.  On  allowing  the  li(}uid  to 
evaporate,  we  still  find  that  we  get  sulphur.  Sulphur  belongs  to 
a  class  of  bodies,  the  minute  particles  of  Avhich  are  all  of  a  similar 
character  and  behave  in  a  similar  way.  These  bodies  we  term 
elemerits  or  simple  substances,  because  we  cannot  extract  or  take 
away  from  them  any  different  kind  of  matter. 

There  are  many  substances  of  this  kind,  Avhich  as  far  as  we 
know  are  elements :  but  as  our  knowledge  is,  after  all,  only  of 
a  rudimentary  nature,  it  is  possible  that  some  of  the  bodies  we 
consider  to  be  elements  may  not  be  so  in  reality.  jSTew  elements 
are  still  being  found  as  means  of  investigation  improve,  and 
perhaps  some  day  the  true  relationship,  wdiich  undoubtedly 
exists,  between  the  particles  of  one  element  and  the  particles  of 
another  entirely  different  element,  will  come  to  light.  So  small, 
however,  are  the  particles,  that  it  is  extremely  difficult  to  under- 
stand the  changes  which  they  undergo.  The  folloAving  is  a  list 
of  the  more  common  elementary  bodies  : — 
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Table  of  Commoner  Elements,  witu  tueir  Symbols 
AND  Atomic  Weights. 


Element. 

Symbol. 

Atomic 
Weight. 

Aluminium  ....... 

Al 

•27-3 

Antimony 

!       Sb 

120 

Arsenic 

As 

75-2 

Barium 

Ba 

137 

Bismuth 

Bi 

210 

Boron  . 

B 

11 

Bromine 

Br 

80 

Cadmium 

Cd 

112 

Calcium 

Ca 

40 

Carbon 

C 

12 

Chlorine 

CI 

35-5 

Chromium 

Cr 

52 

Cobalt. 

Co 

58-7 

Copper 

Cu 

63-5 

Fluorine 

F 

19 

Gold    . 

An 

197 

Hydrogen 

H 

1 

Iodine . 

i          I 

127 

Iridium 

!          Ir 

198 

Iron     . 

i          Fe 

56 

Lead    . 

Pb 

207 

Lithium 

Li 

7 

Magnesium 

Ms 

24 

ilangauese 

Mn 

55 

Mercury 

Hg 

200 

Nickel 

m 

58-7 

Nitrogen 

N 

14 

Oxygen 

'          0 

16 

Phos2)horus 

P 

31 

Platinum 

Pt 

197-5 

Potassium 

K 

39-1 

Selenium 

Se 

79-5 

Silver  . 

Ag 

108 

Silicon 

Si 

28 

Sodium 

Na 

23 

Strontium 

Sr 

87-5 

Sulphur 

S 

32 

Tellurium 

Te 

128 

Thallium 

Tl 

203-5 

Tin       . 

Sn 

118 

Titanium 

Ti 

50 

Tungsten 

W 

184 

Uranium 

U 

120 

Vanadium 

V 

51-3 

Zinc     . 

Zn 

65-2 

i82     PHYSICAL  AND  CHEMICAL  PROPERTIES 

The  vast  majority  of  sul^stances,  wliicli  we  come  across  in 
daily  life,  are  not,  however,  elements ;  they  are  made  up  of  two  or 
more  elements  combined  together  and  forming  compounds.  When 
these  compounds  are  mixed  together,  as  they  are  in  bodies  such 
as  wood,  we  get  very  complex  substances,  the  analysis  of  which 
becomes  more  and  more  difficult.  A  few  simple  experiments  Avith 
complex  bodies  will  show  us  best,  how  they  are  generally  treated 
with  a  view  to  showing  their  composition,  and  investigating 
their  properties. 

Solution  and  Filtration. 

One  of  the  first  processes  which  we  use  for  separating  complex 
bodies  is  solution  followed  hy  filtration. 

Make  up  mixtures  of  (a)  salt  and  chalk,  {h)  sugar  and  sand,  (c)  sal- 
ammoniac  and  finely  powdered  charcoal.  Stir  up  each  mixture  well  in  a 
separate  beaker  of  water.  In  each  case  one  of  the  compounds,  which  forms 
the  mixture,  will  dissolve  in  tlie  water,  and  is  said  to  be  soluble.  On 
pouring  through  filter  papers,  the  insoluble  body,  which  has  not  dissolved, 
remains  as  a  residue,  while  the  soluble  one  passes  through  in  the  filtrate. 

Ey  carefully  weighing  the  mixture  beforehand,  evaporating 
down  the  filtrate,  and  weighing  the  dissolved  portion,  we  are 
enabled  to  find  out  the  exact  proportion  of  soluble  and  insoluble 
salt  present  in  the  mixture.  Water  is  the  most  universal  solvent, 
but,  if  a  substance  is  insoluble  in  water,  and  we  wish  to  obtain 
a  solution  of  it,  there  are  many  other  liquids,  such  as  alcohol, 
ether,  carbon  disulphide,  and  turpentine,  possessing  solvent  pro- 
perties which  we  may  use. 

Examples  : — Iodine  in  alcohol. 
Bromine  in  ether. 
Sulphur  in  carbon  disulpliidc. 
Gold  in  mercury. 
Fat  in  ether. 

Heat    is   very   often    a   useful   agent  for  the   separation    of 

complex  substances.     Examples  :— 

1.  Heat  a  mixture  of  sand  and  sal  -  anmioniac.  The  sal-ammoniac 
separates  out  from  the  sand  in  the  form  of  vapour,  and  collects  as  a  wliite 
powder  at  the  cool  end  of  the  test-tube.     This  is  called  sublimation. 


SOLUTION  AND  FILTRATION  183 

2.  Heat  senile  oxide  of  mercury  in  a  lulje.  Mercury  deposits  as  siikiU 
beads  at  tlie  cooler  end  of  the  tube,  and,  if  we  examine  the  gas  in  the  tulie, 
we  find  tliat  it  now  possesses  the  property  of  rekindling  a  glowing  taper. 
This  gas  is  oxygen.  "We  have  split  up  or  analysed  the  mercury  oxide  and 
brought  about  its  decomposHioii.. 

In  a  siinihir  Avay,  try  the  effect  of  Iieat  on  copper  nitrate,  chalk, 
oxide  of  lead,  etc.,  and  note  in  each  case  the  splitting  np  of  the 
compound  into  more  simple  substances.  These  are  all  examples 
of  decomposition,  and  the  term  analysis  means  the  splitting  up 
of  a  body  into  the  elements  of  Avhich  it  is  composed.  Synthesis, 
on  the  contrary,  is  the  building  up  of  a  compound  body  from  the 
elements  of  which  it  is  composed.  This  may  be  easily  exemphfied 
by  the  followmg  experiments  : — 

1.  Take  some  very  fine  iron  filings  and  mix  them  up  with  flowers  of  sulphur 
until  the  whole  mass  presents  a  uniform  grey  appearance.  Put  it  into  a 
crucible,  and  heat  it:  the  iron  and  sulphur,  which  are  elementary  bodies, 
unite  at  once  and  form  a  compound  substance,  sulphide  of  iron.  Before 
heating,  it  would  have  been  possible  by  mechanical  means,  such  as  the 
dissolving  out  of  the  sulphur  by  means  of  carbon  disu]p)liide,  to  separate  the 
minute  particles  of  each  substance,  and  obtain  the  iron  and  the  sulphur  in 
separate  masses,  although  to  the  eye  the  mass  was  apparently  homogeneous. 
In  fact,  before  heating,  the  two  substances  formed  what  is  known  as  a 
mechanical  mixture;  whereas,  afterwards,  they  are  changed,  and,  liy 
uniting,  have  become  what  is  known  as  a  chemical  compound.  !![/ 
imparthuj  energy  in  the  form  of  heat  to  the  miniitc  2)articles  of  iron  and 
sulphur  we  have  enabled  them  to  comhine  chemically.  If  iron  snl}>hide  be 
powdered  up  into  the  very  minutest  particles  that  we  can  see  with  a  strong 
microscope,  each  particle  we  thus  see  will  contain  both  sulphur  and  iron, 
whereas,  before  heat  was  appdied,  any  single  small  fragment  of  the  mixture 
might  have  been  either  iron  or  sulphur. 

2.  Into  a  eudiometer  introduce  100  cubic  centimetres  of  hydrogen  gas, 
and  also  50  cubic  centimetres  of  oxygen.  The  two  will  form  a  uniformly 
invisible  mass.  It  is  impossible  to  distinguish  either  element  by  merely 
looking  at  it.  As  the  gases  are,  however,  only  mechanically  mixed  it  is 
l)ossiblo  to  take  away  one  and  leave  the  other.  Pyrogallic  acid  will  absorb 
the  oxygen  and  leave  the  hydrogen.  As  soon,  however,  as  we  apply  energy 
in  the  shape  of  an  electric  spark  to  the  mixture,  the  entire  nature  of  the 
mixed  gases  changes.  They  disapjiear,  and  we  get  a  small  quantity  of  water 
formed  instead  :  this  is  a  chemical  compound  formed  by  synthesis.  The 
smallest  particle  of  it  will  contain  both  gase.s,  and  it  will  require  a  con- 
siderable amount  of  energy  to  sejiarate  them  again  by  the  process  of 
analysis. 
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3.  Take  some  inagnesiuni  powder  or  ribbon,  weigb  it  carefully,  and 
then  burn  it  in  a  crucible,  of  which  you  have  previously  ascertained  the 
weight.  Collect  and  weigh  the  oxide  of  niagnesiuni,  the  white  powder 
which  is  formed.  Repeat  this  experiment  three  times,  always  using  different 
quantities  of  magnesium.  You  will  find  that  the  increase  of  weight  always 
bears  a  certain  projiortion  to  the  magnesium  you  used.  The  more  you 
repeat  the  experiment  the  more  obvious  will  this  fact  become.  Experiments 
of  this  kind  lead  us  to  believe,  that  when  elements  are  brought  into 
chemical  combination,  they  iiicariably  unite  in  certain  definite  2>'>'oportions. 
This  conclusion  will  be  further  strengthened,  if,  by  modifying  the  last 
experiment,  you  vary  the  quantities  of  oxygen  and  hydrogen.  Unless  there 
is  double  as  much  hydrogen  as  oxygen,  you  will  get  some  of  either  one  gas 
or  the  other  left  over  at  the  end. 

4.  As  further  examples  of  synthesis,  and  also  as  examples  of  the  fact 
that  substances,  when  combining  with  oxygen,  take  up  diflerent  quantities 
of  that  gas,  heat  in  open  crucibles  similar  weights  of  lead,  tin,  zinc,  and 
magnesium  and  compare  carefully'  the  weights  of  the  oxides  found  in  each 
case.  It  will  be  necessary,  in  order  to  oxidise  the  whole  mass,  to  keep  a 
fresh  surface  of  metal  constantly  exposed  to  the  air. 

Or,  if  the  experiment  be  done  more  carefully,  by  passing  oxygen  gas 
slowly  over  each  metal,  we  shall  find  that  the  ratio  of  the  weight  of  the 
metal  to  the  weight  of  the  oxygen  with  which  it  unites  is  constant  for  each 
metal.  And  if  we  examine  copper  oxide  prepared  from  the  metal,  or  by  heat- 
ing the  nitrate  of  copper,  or  the  carbonate  of  coj)per,  we  shall  find  that 
the  ratio  of  the  quantity  of  copper  to  the  quantity  of  oxygen  does  not  vnry. 

From  experiments  such  as  this  we  deduce  a  most  important 
law,  namely,  that  any  given  compound  always  consists 
of  the  same  elements  combined  together  in  the  same 
proportions. 

Further  experiments  to  prove  this  law  : — 

(«)  Heat  varying  quantities  of  chlorate  of  potash  ;  the  amount  of  chloride 
of  potash  obtained  will  always  bear  a  certain  relation  to  the  amount  of 
chlorate  of  potash  taken. 

{b)  Heat  to  redness  pieces  of  chalk,  marble,  or  limestone,  and  note  the 
relation  between  the  amounts  of  lime  left  and  chalk  taken. 

(c)  Heat  the  nitrates  of  copper,  magnesium,  bismuth,  or  lead,  and  note 
the  relation  between  the  amount  of  nitrate  taken  and  the  amount  of  oxide 
left  in  each  case. 

Modes  op  Chemical  Action. 

In  many  of  the  foregoing  experiments,  such  as  the  oxidising 
of  copper  and  magnesium,    the    burning   of   a    candle,   and  the 
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combiiiatiou  of  iron  and  sulphur,  wc  have   eli'ected  a   chemical 
change. 

The  name  given  to  that  form  of  energy  which  brings  about 
changes  such  as  these — the  combinations  of  bodies  to  form  entirely 
new  substances  with  distinct  properties — is  chemical  affinity. 
We  cannot  say  definitely,  how  this  form  of  energy  is  enabled  to 
bring  about  such  results  as  it  does.  But  it  appears  to  be  connected 
with  the  motions  of  the  minute  particles  of  which  matter  is  com- 
posed. There  are  many  different  ways  in  Avhich  chemical  action 
may  take  place,  but  the  following  may  be  taken  as  typical 
examples : — 

1.  Simple  synthesis  or  combination  of  the  molecules  of  two 

elements. 

Hydrogen  and  Oxygen  yield  "Water. 

Of  similar  nature  is  the  combination  of  the  molecules  of 
two  compounds,  thus  : 

NH3  +  HC1  =  NH4C1 

Ammonia  and  HydrocLloric  acid  yield  Sal-ammoniac. 

2.  Simple  analysis,  that  is,  the  splitting  up  of  a  compound 

body  into  its  constituents. 

2H20  =  2H2  +  Oo 
Water  yields  Hydrogen  and  Oxygen. 

CaC03  =  CaO  +  COo 
Chalk  yields  Lime  and  Carbonic  acid. 

3.  Single  decomposition,  when  an  atom,  or  group  of  atoms,  in  a 

compound  body  is  displaced  by  another  atom,  or  group 
of  atoms. 

Mg  +  H,S04  =  MgS04-fHo 

Magnesium  and)    ■       rJIagnesiuni        ,  ^^    , 
c  ^   1      •        -A  "Si'^'e  °  and  Hydrogen, 

hulphunc  acid  J  L    sulphate  -^       ° 

4.  Double   decomposition,    when   two   bodies   both    undergo 

decomposition,  and  two  new  bodies  are  formed. 

AgNO.  +  NaCI  =  AgCl  +  NaNO. 

Silver  ■>        -.  fCommonl    •       (  Silver  )        ,  fSodiuiu 

-and  >give       ,,     .,    >  and  -     . 

nitratsJ  v.     salt     )  IchlorideJ  untrate. 
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Chemical  affinity,  to  recapitulate,  is  perceived  in  siicli 
occurrences  as  tlie  sudden  conil)ination  of  hydrogen  and  chlorine, 
the  slower  combination  of  oxygen  and  iron,  the  absorption  of  car- 
bonic acid  by  lime,  and  the  combinations  of  sulphur  and  iron, 
phosphorus  and  iodine,  etc.  In  all  these  cases,  as  indeed  in  all 
chemical  actions,  ihe  ratios  of  ihe  amounts  of  the  bodies  taking 
ipart  in  them  are  invariahle.  Wherever  neAv  bodies  are  formed 
by  combination,  or  compound  substances  on  decomposition,  there 
is  a  fixed  x>'>'oportion  of  each  substance  taking  part  in  each 
reaction.  This  quantitative  character  of  chemical  action  is  ex- 
emplified by  the  experiments  given  in  the  foregoing  page,  and  by 
others  on  similar  lines,  such  as : — 

1.  Heat  silver  nitrate  in  an  open  crucible.  It  is  decomposed  ;  and 
eventually  silver  is  formed  in  the  crucible.  By  doing  the  experiment  two 
or  three  times,  we  arrive  at  the  ratio  of  silver  in  silver  nitrate,  and  this  will 
be  found  to  Le  invariable. 

2.  Heat  some  iodate  of  silver.  It  loses  oxygen.  If  the  same  quantity  be 
always  taken,  the  loss  of  weight  will  be  identical  each  time  the  experiment 
is  made. 

3.  Pass  some  coal-gas  through  a  hard  glass  tube  in  which  j-ou  are  heating 
a  Isnown  ivcight  of  copper  oxide.  Tlie  oxide  loses  its  oxygen,  and  copper  is 
formed  together  with  water,  which  goes  off  as  vapour.  We  are  thus  enabled 
to  find  the  amount  of  copper  in  copper  oxide,  and  the  proportion  of  cojujcr 
to  oxygen  will  be  found  to  be  iu  variable. 

4.  If  a  known  weight  of  magnesium  is  added  to  silver  nitrate,  sufficient 
ill  quantity  to  dissolve  it,  the  quantity  of  silver  precipitated  will  always  be 
found  to  liave  the  same  ratio  to  the  cpiantity  of  magnesium  taken. 

5.  Similarly  iron  dissolves  in  a  solution  of  sulphate  of  copper,  and  copper 
is  precipitated.  For  the  same  quantity  of  iron  dissolved,  the  same  quantity 
of  copper  is  always  precipitated. 

6.  Dissolve  a  known  weight  of  sodium  carbonate  in  hydrochloric  acid. 
Common  salt  is  formed,  and  it  can  be  collected  by  evaporation  and  weighed. 
The  amount  will  always  bear  a  fixed  ratio  to  the  amount  of  sodium  carbonate 
used. 

Dalton's  Atomic  Theory. 

The  Greek  philosophers,  at  a  very  early  date,  enunciated  the 
theory  that  matter  was  composed  of  minute  particles  called  atoms, 
which  were  indivisible.  Dalton  at  the  beginning  of  this  century 
revived  this  idea  and  gave  to  the  world  a  systematic  hypothesis, 
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wliicli  aimed  at  explaiuinn'  ihe  fact,  that  clK'mical  (;()]n[»Miiii(l.s  have 
an  iiivariahle  co]ii})()sitioii.  As  a  result  (if  a  lnn<f  series  of  exj^eri- 
luents  on  the  hydriiles  and  oxides  of  carbon,  the  oxides  of  nitrogen, 
water  and  hydrochloric  acid,  he  arrived  at  the  conclusion  that, 
when  chemical  action  took  })lace  between  two  elements,  it  was  due 
to  the  iinion  of  their  atoms.  The  atoms  of  the  elements,  he  said, 
each  had  a  definite  weight;  and  it  was  in  these  relative  weights 
that  they  combined  Avith  each  other.  Taking  hydrogen  as  unity, 
he  assigned  to  each  element  an  atomic  weight,  which  weight 
also  represented  the  combining  proportion  of  that  element. 

Aided  by  the  experiences  of  Avogadro,  we  have  nowadays 
modified  this  theorij  to  a  slight  extent.  We  now  consider  that  the 
smallest  portion  of  an  element  that  can  exist  in  a  free  state  is  a 
molecule,  which  consists  as  a  rule  of  two  atoms. 

The  smallest  part  of  any  compound  body  that  can  exist  free  is 
also  a  7nolecule,  which  consists  of  two  or  more  atoms. 

Thus  the  smallest  portion  of  hydrochloric  acid  that  we  can 
conceive  must  consist  of  one  atom  of  H  and  one  atom  of  CI,  but 
the  smallest  quantity  of  free  hydrogen  would  be  Ho  and  the 
smallest  quantity  of  free  chlorine  Cl.^.  "When  these  unite  we  get 
two  molecules  of  hydrochloric  acid,  written  2HC1.  A7i  atom, 
then,  is  the  smallest  quantitij  of  an  eleme?it  that  can  exist  in  com- 
bination, and  a  molecule  tlie  smallest  qnantitu  that  can  exist 
free. 

Symbols  such  as  K,  Xa,  S,  0,  Ca,  are  short  forms  of  the  names 
of  the  elementary  bodies.  Each  symbol  always  represents  a  certain 
numerical  value,  which  is  also  the  atomic  weight  of  the  element, 
and  the  proportion  in  which  it  goes  into  or  comes  out  of  combina- 
tion with  other  elements.      (See  table,  p.  181.) 

Formulae  are  short  forms  of  the  names  of  compounds,  made  up 
of  two,  or  more,  symbols.  Thus  CaCOg  is  the  formula  of  chalk, 
"which  is  thus  shown  to  consist  of — 

One  atom  Ca  =  40 

Three  atoms  0  =  16  x  3  =  48 


Total  =     100   =  molecular  weii^lit. 
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Equations  are  short  ways  of  writing  clown  chemical  n;- 
actions.  Nut  only  do  they  sliow  what  substances  take  part  in 
the  reaction,  and  what  new  substances  are  formed,  but  at  tlie  same 
time  they  give  the  quantities  of  each  and  all,  thus — 

CaCOs  +  2HC1  =  CaCl.  +  GOo  +  ILO 
100  +  2  (36i)  =  lll+44  +  18 
Chalk/ Hydrochloric)^^. ^,^  /Calcium)  ,^^^j  /Carboinc\    and 
and    I         acid         J  "^        Ichloride/ '        I     acid     J  Water. 

If  the  equation  be  correctly  put  down,  the  total  figures  on 
one  side  should  exactly  balance  those  on  the  other. 

Evaporation. 

If  we  take  a  beaker  of  water  from  the  laboratory  tap,  and  boil 
it  down  until  the  whole  of  the  water  disappears,  we  find,  as  a  rule, 
that  there  is  a  slight  sohd  deposit  left.  (In  localities  Avhere  the 
water  is  very  soft,  this  Avill  not  be  the  case.)  This  deposit  may  be 
collected  in  larger  quantities  by  repeatedly  filhng  the  beaker,  and 
boiling  away  the  water.  With  sea-water,  or  an  equivalent  salt 
solution,  the  deposit  is  still  more  marked.  This,  then,  is  another 
method  of  separating  substances.  The  clear  water,  as  avc  draw  it 
from  the  tap,  shows  no  sign  of  containing  solid  matter ;  but  we 
find  when  the  water  has  gone,  that  the  solid  matter  is  now  quite 
apparent. 

We  are  enabled,  by  the  process  of  evaporation,  to  estimate 
fairly  accurately  the  amount  of  solid  in  any  given  solution. 

Experiment.  —For  the  sake  of  practice,  evaporate  down  50  cubic  centi- 
metres of  any  of  the  following  reagents  in  the  laboratory  :— Sodium 
phosphate,  caustic  potash,  barium  chloride,  silver  nitrate,  and  give  the  jjc?'- 
centagc  strength  of  each  solution. 

Crystallisation. 

Take  some  common  potash  alum,  and  also  some  copper  sulphate.  Dis- 
solve about  equal  portions  of  eacli  in  a  beaker  of  water,  until  a  consider- 
able amount  of  each  salt  is  thoroughly  dissolved.  Decant  into  an  open  glass 
vessel,  or  saucer,  and  pnt  away  carefully  into  some  warm,  and  dry,  place 
out  of  the  way  of  the  dust.  In  the  course  of  a  day  or  two  the  water  will 
have  evaporated,  and  we  shall  find  that  the  two  solid  salts  have  separated 


I 
J 


CRYSTALLISATION  189 

out  from  each  other  in  the  form  of  crystals,  hodies  having  a  regukir  and 
definite  shape.  Each  suhstance  will  be  noticed  to  have  its  own  particular 
shape,  and  as  the  crystals  are  in  one  case  blue,  and  in  the  other  colourless, 
we  can  ]iick  them  out  separately  and  examine  them  in  detail. 

Repeat  the  experiment  by  dissolving  in  separate  portions  of  water  salts 
such  as  nitre,  magnesium  sulphate,  common  salt,  and  zinc  or  iron  sulphates. 
In  each  case  pick  out  the  largest  crystals  formed,  and  compare  their  shapes 
by  examining  carefully  under  a  magnifying-glais. 

To  further  study  the  properties  of  crystals,  take  a  piece  of  calc-spar  and 
break  it  up  roughly  by  striking  it  with  a  hammer.  Notice  that  the  small 
fragments  formed  are  all  of  the  same  shape  as  the  original  piece  of  spar. 

Take  seyeral  quartz  crystals  of  ditferent  sizes,  note  carefully  the  shape 
in  each  case,  and  take  rough  measurements  of  similar  angles  in  each 
specimen.  They  will  all  be  found  to  be  equal.  This  will  also  be  noticed 
with  the  rhombic  crystals  of  iceland-spar. 

Crystals  are  bodies  with  a  definite  geometrical  shape,  the 
similar  angles  of  each  particular  kind  of  crystal  are  equal,  and 
crystals,  when  broken,  break  in  certain  definite  directions  called 
lines  of  cleavage.  The  slower  the  process  of  crystallisation,  the 
larger  and  more  symmetrical  are  the  crystals  formed.  This  can 
be  shown  by  picking  out  some  well-shaped  alum  crystals,  and 
allowing  them  to  grow  in  solutions  of  alum,  until  they  have  reached 
a  large  size.  The  process  is  a  long  one,  as  the  heat,  the  rate  of 
evaporation,  and  strength  of  solution,  all  recpiire  careful  regula- 
tion. Alum  crystallises  in  the  form  of  a  regular  octahedron,  or  a 
double  four-sided  pyramid. 

Bodies  which  take  the  same  crystalline  form  are  said  to  be 
isomorphous.  If  a  substance  crystallises  in  two  different  crystal- 
line forms  it  is  said  to  be  dimorplious.  Sulphur  and  carbon  are 
dimorphous.  Bodies  which  do  not  take  any  particular  crystalline 
shape  are  said  to  be  amorjihous  :  exami)le,  charcoal. 

We  do  not  at  present  know  why  the  molecules  of  some  solid 
bodies  are  thus  enabled  to  separate  themselves  out  from  a  solution, 
each  in  its  own  particular  shape ;  but  a  regular  system  of  classify- 
ing these  shapes,  according  to  the  p)lanes  of  symmetry,  has  been 
worked  otit ;  and  w^e  are  enabled  to  refer  each  crystal  to  its  own 
class. 

When  several  salts  are  dissolved  in  Avater,  some  will  be  found 
to  crystallise  out  before  others,  and  this  fact  is  often  made  use  of 
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for  separating  solids.  When  salts  of  unequal  soluljility,  such  as 
chlorate  and  chloride  of  potash,  are  dissolved  in  Avater,  the  former, 
being  the  more  insoluble  of  the  two,  will  be  deposited  before  the 
latter,  and  they  can  thus  be  separated. 

Water  of  Crystallisation. 

Weigh  out  about  lialf  a  gram  of  copper  sulphate  crystals,  and  lieat  iu^a 
crucible  of  known  weight.  When  the  blue  colour  has  entirely  disappeared, 
and  the  crystals  crumbled  away  to  a  greyish  powder,  re-weigh.  A  definite 
loss  of  weight  will  be  noticed.  This  is  due  to  the  fact  that  the  crystals 
contained  water  which  has  been  driven  off  by  the  heat.  If  we  repeat  the 
experiment  several  times,  using  a  different  weight  of  substance  each  time, 
we  arrive  at  the  definite  proportion  of  water  in  copper  sulphate  crystals. 
This  is  a  fixed  quantity.  If  we  supply  the  grey  powder  with  water,  and 
then  evaporate  slowly,  the  blue  coloured  crystals  can  be  caused  to  reappear. 

Treat,  in  the  same  way,  crystals  of  magnesium  suli)hate,  alum,  or  soJium 
carbonate,  and  find  the  amount  of  water  of  crystallisation  in  each  case. 

Precipitation. 

When  a  solution  of  common  salt  is  added  to  a  solution  of 
silver  nitrate,  a  wliite  cloudy  substance  appears  and  sinks  slowly 
to  the  bottom  of  the  test-tube.  If  we  filter  this  off,  we  note  that 
it  is  apparently  neither  salt  nor  silver  nitrate,  both  of  which  are 
colourless  crystals,  whereas  the  new  substance  is  an  amorphous 
white  powder  which  becomes  dark-coloured  in  the  light. 

The  Avhite  substance  is  a  2^reci2ntate  of  silver  chloride.  When 
two  substances  in  a  state  of  solution  produce,  by  their  reaction  on 
one  another,  an  insoluble  compound,  the  latter  will  make  its 
appearance  as  a  precipitate.  The  newly  formed  body  comes  into 
existence  as  a  solid  on  mixing  the  liquids. 

Precipitation  is  largely  made  use  of  in  the  laboratory  for  the 
formation,  quickly  and  easily,  of  many  chemical  substances  which 
might  otherwise  be  difhcult  to  prepare.  The  little  particles  of 
each  salt  are  so  finely  diffused  throughout  the  liquid,  that  they  are 
enabled  to  act  at  once  on  each  other  and  form  new  substances. 
In  the  above  case  the  other  substance  formed  is  sodium  nitrate, 
which  remains  in  solution.     Precipitation,  naturally,  only  occurs, 
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when  two  dissolved  bodies  act  on  each  otlier.     The  licpuil  or  gaseous 
condition  is  always  conducive  to  chemical  change. 

Distillation. 

As  already  explained,  this  is  a  method  employed  for  separating 
a  liquid  from  a  solid,  or  for  separating  two  liquids  of  different 
boiling  points. 

If  Ave  wish  to  obtain  pure  water  from  a  sample  of  water,  which 
we  know  contains  salt  in  solution,  we  can  volatilise  the  water  by 
means  of  a  retort,  and  by  condensing  its  vapour  as  it  passes 
into  a  flask  kept  cool  by  cold  water,  Ave  obtain  in  the  receiver 
absolutely  pure  Avater. 

If,  hoAvever,  Ave  have  a  mixture  of  tAVO  liquids,  such  as  alcohol 
and  AA'ater,  the  former  being  more  volatile  will  come  off  first,  and 
if  the  temperature  be  kept  at  about  80°  (not  more),  Ave  can 
separate  the  alcohol  from  the  Avater.  The  distillate  may  not  be 
qiute  pure,  as  some  Avater  may  have  passed  over  as  Avell,  so  l)y 
re-distilling  again  and  again,  a  process  AA'hich  is  termed  redi- 
fication,  Ave  eventually  obtain  the  alcohol  pure  and  free  from 
Avatcr. 

Fractional  Distillation  is  the  term  applied  to  the  process 
of  separating  from  each  other  several  liquids  of  varying  boiling 
points. 

Experiments. —1.  Find  the  boiling  points  of  several  different  liquids, 
such  as  benzene,  ether,  alcohol,  turpentine.  In  each  case  note  results 
carefully,  as  a  guide  to  experiments  Avhich  follow  for  the  sepai-ation  of 
liquids. 

2.  By  the  process  of  distillation  olitain  i)ure  water  from  a  solution  of 
sodium  chloride,  or  barium  chloride. 

3.  Distil  a  mixture  of  alcohol  and  Avater,  and  obtain  as  pure  a  sample  as 
you  can  of  the  former.  You  can,  by  finding  the  density  of  the  alcohol  you 
obtain,  form  a  rough  idea  as  to  liow  far  you  have  been  successful. 

4.  Try  the  same  experiment  with  a  mixture  of  Avater  and  ether.  In  this 
case  heat  the  flask,  containing  the  mixture,  in  a  copper  Avater-bath,  and  do 
not  allow  the  thermometer  to  rise  aboA'e  35°.  Ascertain  the  density  of  the 
ether  so  prepared. 

5.  Using  the  more  complicated  form  of  apparatus  known  as  a  Lichiij's 
condenser,  separate  a  mixture  of  three  liquids. 
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Air. 

The  stxTcly  of  simple  chemical  facts  may  well  commence  with 
observations  on  common  substances  such  as  air  and  water. 

Exhaust  tlie  air  from  a  flask  and  weigh  it :  allow  air  to  enter,  and 
re-weigh  ;  there  will  be  a  gain  of  M'eight.  The  air  has  weight.  If  you 
know  the  volume  of  the  flask  you  can  ascertain  the  vveight  of  a  know^n 
volume  of  air.  This  can  also  be  done  as  follows  : — Take  a  half-litre  flask, 
put  a  little  water  in  it,  and  fit  it  with  a  cork  which  has  a  glass  tube  through 
it  connected  with  a  piece  of  rubber  tubing  on  which  you  can  put  a  clip. 
Expel  all  air  by  boiling  for  several  minutes.  Clip  the  rubber  tube,  and 
weigh  the  whole  apparatus.  When  cool,  open  the  clip  and  allow  air  to 
enter;  re-weigh.  Knowing  the  volume  of  the  flask  up  to  the  cork,  and 
finding  out  the  amount  of  water  in  it,  we  get  by  subtraction  the  volume  of 
air  which  has  entered  ;  and  the  weight  of  this  volume  is  the  increase  of 
weight  found  in  second  weighing.  Careful  experiments  will  give  the  weight 
of  a  litre  of  air  as  about  1  "2  grams. 

To  find  the  density  of  air  repeat  either  of  the  above  experiments,  but 
allow  hydrogen  to  enter  the  flask.  It  will  be  found  that  it  is  about  jith  of 
the  weight  of  air. 

Place  a  piece  of  phosp'horus  on  a  Avire  inside  an  inverted  burette  and 
leave  it  to  stand  several  days  over  a  beaker  of  water.  The  water  will  rise 
about  ith  of  the  way,  for  the  phosjihorus  has  subtracted  a  gas  from  the  air. 

Eepeat  the  same  experiment,  using  this  time  some  iron  filings.  The 
result  will  be  similar.  What  is  this  gas  ?  The  following  experiments  tell 
us.  Heat  some  mercury  (or  some  lead)  for  the  same  length  of  time  in  air, 
until  enough  powder  is  found  on  the  surface  to  collect  and  use  for  experi- 
ment. Heat  the  powder  in  a  closed  tube.  Mercury  (or  lead)  and  an 
invisible  gas  called  oxygen  is  formed.  This  gas  can  be  recognised  by  its 
property  of  rekindling  a  glowing  taper. 

Make  some  oxygen  by  heating  potassium  chlorate  and  manganese  oxide 
in  a  flask  and  collecting  gas  over  water ;  compare  its  jiroperties  with  the 
oxygen  obtained  from  air.     You  Avill  find  them  identical. 

We  have  shown  before,  how  substances  such  as  lead,  mag- 
nesium, iron,  and  mercury  increase  in  iceiglit,  when  they  combine 
with  the  oxygen  of  the  air. 

The  air  contains  Oxygen,  and  the  volume  of  that  gas  is 
roughly  ^th  of  the  air.  When  oxygen  is  taken  from  the  air  by 
means  of  phosphorus  (or  iron),  another  gas  is  left.  What  are  its 
properties  ?  Experiment  shows  that  they  are  entirely  negative.  A 
candle  or  taper  will  not  burn  in  it.     It  will  not  dissolve  in  water. 


AIR 


193 


It  will  not  light.  It  will  not  affect  litmus  paper.  It  is  very 
difficult  to  make  it  react  with  other  elements.  This  gas  is  called 
nitrog'en.  The  nitrogen,  however,  is  not  quite  pure,  for  if  we 
absorb  it  by  heating  magnesium  in  it,  a  small  residue  will  be  left ; 
this  is  the  neicly  discovered  gas  Argon.  There  are  also  very  small 
quantities  of  other  gases  to  be  found  in  some  samples  of  air.  Though, 
as  may  be  supposed,  the  composition  of  air  is  very  constant,  no  one 
would  imagine  the  air  on  a  mountain  side,  or  the  sea,  to  be  the  same 
identically  as  the  air  of  a  heated  and  crowded  room. 

Expose  to  the  air  some  freshly  made  lime-water  in  an  open  vessel.  It 
becomes  covered  with  a  film  of  chalk  owing  to  the  carbonic  acid  in  the 
room.  Blow  through  a  glass  tube  into  some  of  the  same  lime-water ;  you 
get  a  thick  white  precipitate  of  chalk.  Now  you  recognise  the  fact  that  the 
breathing  of  animals  sends  carbonic  acid  into  the  air.  The  amount  of 
carbonic  acid  in  the  air  of  a  room  can  be  found  by  passing  a  known 
volume  of  air  through  a  solution  of  caustic  potash,  which  absorbs  COg,  forming 
carbonate  of  potash  (KoCOj).     The  process  is  a  lengthy  one,  however. 

Put  a  piece  of  ice,  or  some  ice-cold  water,  into  a  dry  glass  beaker,  the 
outside  will  become  covered  with  drops  of  M'ater.  This  u'ater  comes  from  the 
air,  where  it  exists  as  water-gas.  The  pjreseuce  of  water  in  the  air  can  also 
be  demonstrated  by  leaving  a  large  lump  of  calcium  chloride  (CaCL)  stand- 
ing on  a  piece  of  glass  in  a  room  :  in  a  few  hours  the  calcium  chloride  ^^•ill 
absorb  sufficient  water  from  the  air  to  become  a  liquid  mass.  Strong 
sulphuric  acid  in  an  open  beaker  will  also  absorb  water  from  air,  and  gain 
in  weight  by  so  doing.     Weigh  both  these  substances  before  and  after. 

In  some  parts  of  the  world  traces  of  other  gases  are  found  ;  such  as 
ammonia  (XH3)  from  decaying  matter,  sulphur  dioxide  (SO,)  from  coal 
fires  of  towns,  ozone  (O3,  a  kind  of  condensed  oxygen)  on  the  seashore,  and 
various  other  gases.  These  are  not  easily  recognised  by  experiment  in 
ordinary  samples  of  air,  as  they  exist  in  such  very  minute  and  varying 
quantities,  and,  indeed,  are  not  always  present. 

The  method  used  in  finding  the  composition  of  the  air  by  weight  is, 
in  brief,  as  follows.  A  known  volume  of  air  is  passed  slowl}'  through  a 
series  of  tubes  and  bulbs  ;  the  first  set  of  bulbs  contain  caustic  potash  (KHO) 
solution,  which  absorbs  the  carbon  dioxide  (CO2) ;  the  second  set  of  U-tubes 
contain  pumice  stone  soaked  with  sulphuric  acid  (H2SO4),  these  absorb  the 
water  ;  the  next,  a  long  tube  of  hard  glass,  contains  heated  copper  which 
absorbs  the  oxygen,  and  the  nitrogen  passes  over  pure.  The  increase  of 
weight  in  each  set  of  the  tubes  gives  amount  of  carbonic  acid,  water,  and 
oxygen,  and  the  weight  of  the  nitrogen  can  be  deduced  from  its  volume. 

The  method  of  finding  the  composition  of  the  air  by  volume  may  be 
understood  from  the  following  experiment.  A  known  volume  of  air  stands 
13 
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over  mercury  in  a  graduated  tube.  Sufficient  hydrogen  is  passed  up  to 
combine  with  the  oxygen,  which  we  have  already  discovered  to  be  about  ith 
of  air.  The  mixture  is  exploded,  and  the  volume  will  be  found  to  have 
decreased  by  about  1th.  The  experiment  with  phosphorus  also  gives  us  the 
relative  volumes  of  nitrogen  and  oxygen,  or  we  can  absorb  the  oxygen  with 
jiyrogallic  acid. 

Air,  or  rather  tlie  oxygen  of  the  air,  dissolves  in  water.  If 
freshly  boiled  water  be  shaken  up  with  air,  it  will  be  found,  on 
gently  heating  it,  to  have  absorbed  some  oxygen,  which  can  1:>e 
collected  and  tested.  Fishes,  and  other  animals  living  in  water, 
obtain  their  oxygen  from  the  air,  which  is  always  giving  some 
of  its  oxygen,  by  solution,  to  water. 

Quite  lately  air  has  been  converted,  by  means  of  extremely 
low  temperature  and  great  pressure,  to  a  transparent  liquid. 

Animals  i7ihale  the  oxygeri  of  the  air,  and  exJiale  carhonic  acid  ; 
plants,  roughly  speaking,  exhale  oxygen,  and  take  in  carhonic  acid. 
All  carbonaceous  matter,  when  burning,  adds  to  the  quantity  of 
carbon  dioxide  in  the  air.  Combustion  in  air  is,  in  fact,  the 
union  of  bodies  Avitli  the  oxygen  of  the  air,  as  seen  in  the 
burning  of  a  candle,  of  coal-gas,  of  phosphorus,  magnesium  and 
sodium,  etc.  If  the  chemical  action  be  sufficiently  strong,  flame 
will  be  seen,  but  if  the  action  be  a  slow  one,  such  as  the  rusting 
of  iron  (a  slow  oxidation),  the  evolution  of  heat  is  spread  out  over 
so  long  a  period  that  no  visible  effect  is  produced.  Thermal 
change,  however,  always  accompanies  chemical 
action. 

If  a  weighed  quantity  of  magnesium  wire  be  burnt  in  the  air, 
it  gives  out  a  brilliant  light  and  forms  a  certain  qimntity  of 
magnesium  oxide  (MgO),  a  white  powder.  The  same  quantity 
of  magnesium,  however,  if  alloAved  to  rust  away  in  moist  air 
slowly,  will  evolve  just  as  much  heat,  and  give  just  as  much 
magnesium  oxide,  but  there  will  be  no  visible  flame,  as  the 
evolution  of  heat,  though  equal  in  amount  to  that  in  the  first  case, 
is  so  much  more  gradual. 

The  phenomena  of  comhustion  are  not  confined  to  air  and 
oxygen  :  for  instance,  many  substances,  such  as  powdered  antimony, 
or  phosphorus,  will  burn  in  chlorine.       The  terms  "  suj)po7ier  of  I 
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combustion  "  and  "  comhiistihle "  are  merely  relative,  as  may  be 
shown  by  causing  air  to  burn  in  an  atmosphere  of  coal-gas,  which 
is  done  by  forcing  air  slowly  through  a  tube  into  a  vessel  (such  as 
a  lamp  glass)  supplied  with  coal-gas.  A  light  applied  to  the  air 
tube  inside  the  lamp  glass  will  cause  a  flame  to  appear  where  the 
air  meets  the  coal-gas. 

Flame  is  due  to  particles  of  gas  becoming  so  hot  as  to  be 
self-himinous.  The  denser  the  gas,  as  a  rule,  tlie  more  luminous 
is  the  flame.  The  flame  of  hydrogen  burning  in  air,  though 
extremely  hot,  is  practically  non-luminous,  owing  to  the  low 
density  of  the  hydrogen. 

If  we  stop  up  the  holes  at  the  bottom  of  a  bunsen  burner, 
the  temperature  of  the  flame  falls,  the  combustion  is  not  so 
complete,  and  the  flame  becomes  luminous.  Apparently  particles 
of  carbon  in  the  coal-gas  become  tvhite-hot  and  emit  light. 
Directly  we  open  the  holes,  and  admit  more  air,  the  flame 
becomes  hotter,  combustion  is  more  complete,  and  the  particles  of 
carbon  are  at  once  burnt  up  into  carbonic  acid,  before  they  have 
time  to  get  white-hot. 

The  presence  of  solid  particles  in  a  flame  may  give  rise  to 
different  qualities  of  light.  If  we  shake  finely  powdered  sodium 
carbonate  into  a  bunsen  flame,  it  emits  a  yellow  light.  Calcium 
salts  colour  the  flame  red,  copper  salts  impart  to  it  a  greenish  colour. 

A  candle  flame,  like  a  gas  flame,  consists  of  three  dLstinct 
zones  :  (1)  an  inner  blue  non-luminous  part,  consisting  of  unburnt 
hydrides  of  carbon,  (2)  luminous  zone  where  the  gases  are 
burning,  (3)  outer  invisible  zone  of  burnt  gases,  viz.,  w^ater  and 
carbonic  acid.  Bodies  which  give  out  a  bright  light  when  very 
hot  are  said  to  be  iiicandescent.  Heat,  on  platinum  foil  or  wire, 
small  quantities  of  the  oxides  of  aluminium,  calcium,  magnesimn, 
or  barium ;  they  glow  brilliantly.  The  oxy-hydrogen  limelight  is 
an  example  of  the  practical  use  of  incandescence. 

Water. 

Before  considering  in  detail  the  more  important  chemical 
properties  of  water  it  will,  perhaps,  be  as  well  to  recapitulate  the 
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physical  properties  of  that  liquid  ^yhich  liave  already  been 
pointed  out  in  preceding  pages. 

Water  is  solid  at  a  temperature  below  0°  C,  between  0°  and 
100°  it  is  liquid,  and  above  100°  it  is  gaseous.  This  is  only  a 
general  statement,  as  under  special  circumstances,  such  as  extreme 
stillness,  or  great  agitation  of  the  surface  by  wind,  water  remains 
liquid  sometimes  below  0°,  as  is  also  the  case  if  it  contain  large 
quantities  of  saline  matter.  The  boiling  point  also  varies  with 
the  pressure  of  the  atmosphere.  In  fact,  if  we  simply  state,  that 
Avater  boils  lolien  the  pressure  of  its  vapour  is  equal  to  that  of  the 
superinmmibent  atmospihere,  we  are  more  accurate  than  when  we 
say,  that  the  boiling  point  is  100°.  Large  amounts  of  dissolved 
matter  will  also  raise  the  boiling  point. 

It  must  not  be  forgotten  that  to  convert  one  gram  of  solid 
water  into  liquid,  we  require  an  amount  of  energy  represented  by 
79  thermal  units,  and  to  convert  the  liquid  into  steam  the  amount 
required  is  536  thermal  units.  Conversely,  this  energy,  which  is 
absorbed  in  passing  from  solid  to  liquid,  and  liquid  to  gas,  is 
given  out  in  the  reverse  processes  of  condensing  from  steam  to 
water,  and  water  to  ice. 

The  point  of  maximum  density  of  water  is  4°  C,  and,  when 
at  this  temperature,  water  forms  the  standard  by  which  we 
measure  the  densities  of  all  other  solids  and  liquids.  Water 
cannot  be  compressed.     It  is  a  very  bad  conductor  of  heat. 

Composition  of  Water  by  Volume. 

When  water  is  decomposed  by  electrolysis  in  a  two-tubed 
voltameter,  it  is  found  that  the  volume  of  hydrogen  given  off  is 
twice  that  of  the  oxygen.  This  experiment  should  be  made,  and 
the  gases  should  be  tested.  The  distinctive  property  of  the  oxygen, 
its  power  of  rekindling  a  glowing  taper,  should  be  noted.  The 
hydrogen  may  be  lighted  at  a  jet,  and  if  a  cool  glass  be  held  over 
the  flame,  water  re-forms.  The  composition  of  water  is  expressed 
by  the  formula  H^O.  This  formula  is  verified  when  water  is 
produced  from  its  elements  in  the  eudiometer.  Unless  we  pass 
exactly  twice  as  much  hydrogen  as  oxygen  into  the  tube  before 
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exploding,  one  or  other  of  the  gases  will  be  found  in  excess  after 
the  spark  has  passed.  The  relative  volumes  of  the  component 
gases,  taken  in  conjunction  with  Avogadro's  hypothesis,  enable 
us  to  make  the  statement,  that  H^O  represents  a  molecule  of 
water. 

Composition  op  Water  by  Weight. 

Take  a  liard  glass  or  iron  tube,  and  till  it  partially  with  iron  filings  ;  pass 
over  the  filings  steam,  from  water  boiling  in  a  flask.  The  iron  should  be 
lieated  to  bright  red  heat.  As  the  dry  stream  passes  over  the  heated  filings 
it  is  decomposed,  the  iron  combines  with  the  oxygen,  and  the  hydrogen 
passes  on  free. 

If  the  weight  of  the  filings  be  taken  carefully,  before  and  after  tlie 
experiment,  and  the  M'eight  of  water  used  be  known,  we  get  the  weight  of 
the  oxygen,  and  hence,  by  subtraction,  the  weight  of  the  hydrogen  in  a 
known  quantity  of  the  liquid.  The  reaction  is  represented  by  the  following 
equation  : — 

3Fe  +  4H.O  =  Fe304  +  4H2. 

From  this  we  find  that  the  proportions  of  oxygen  and  hydrogen  by 
weight  are  as  8  to  1.  We  can  further  verify  this  by  synthetically  building 
up  water  from  its  constituent  gases  in  these  proportions  by  weight. 

Again,  dry  hydrogen,  generated  from  zinc  and  dilute  sulphuric  acid, 
is  passed  over  a  known  weight  of  copper  oxide  heated  in  a  hard  glass  tube. 
The  coppter  oxide  loses  oxygen  and  water  is  formed  ;  this  may  be  collected 
and  weighed.  If  the  loss  of  weight  of  the  copper  oxide  be  subtracted  from 
the  weight  of  the  water  formed,  we  get  the  hydrogen  used  in  the  experiment, 
and  we  shall  again  find  that  the  proportions  are  oxygen  8,  hydrogen  1.  The 
reaction  which  takes  })lace  may  be  expjressed — 
CuO  +  H„  =  Cu  +  ILO. 

Different  Kinds  of  Water  found  in  Nature. 

The  purest  form  of  water  is  rain-water,  Avhicli,  on  being 
boiled  down,  leaves  no  solid  residue,  just  as  is  the  case  with 
distilled  water.  In  fact  rain-water  is  practically  water 
distilled  by  the  heat  of  the  sun.  Spring-water,  such  as  is 
generally  used  for  domestic  purposes,  varies  very  much  in  purity. 
In  districts  where  the  rocks,  through  which  the  springs  find  their 
Avay,  are  of  granite,  or  primary  geological  structure,  the  water  is 
nearly  pure.  Owing,  however,  to  its  great  solvent  properties, 
water  in  passing  through  other  strata  is  enabled  to  collect  various 
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soluble  salfti,  which  may  ho  ohtained  from  it  and  analysed. 
Hard  water  is  so  called  because  it  will  not  easily  make  a  lather 
Avith  soap.  There  are  two  kinds  of  hardness — iemporary,  caused 
by  the  presence  of  chalk,  and  permanent,  caused  by  the  presence 
of  gypsum.  Chalk  is  insoluble  in  water  under  ordinary  conditions, 
but  when  the  water  takes  up  carbonic  acid  gas,  it  is  then  enabled 
to  dissolve  the  carbonate  of  calcium  it  meets  with.  If  this  gas  be 
driven  off,  the  water  can  no  longer  hold  calcium  carbonate  in  solution. 
It  falls  as  a  precipitate,  and  the  hardness  disappears.  Permanent 
hardness  can  only  be  got  rid  of  by  distillation.  River-water, 
and  pond-  or  lake-water,  resemble  spring-water,  but  arc  likely 
also  to  contain  varying  quantities  of  suspended  organic  matter,  and 
dissolved  nitrogenous  substances  due  to  the  presence  of  decaying 
animal  and  vegetable  matter. 

Mineral-spring's,  which  occur  in  various  parts  of  the  Avorld, 
arc  distinguished  by  the  presence  of  some  particular  dissolved 
mi^ieral,  thus  clialijheate  springs  contain  iron  salts ;  sidplmr 
water  contains  sulphuretted  hydrogen ;  many  (such  as  Apol- 
linaris)  contain  large  quantities  of  carbonic  acid,  others  contain 
sodium  salts  (natron  springs),  and  magnesium  salts  are  f(jund  in 
the  Epsom  springs. 

Sea-water. — In  addition  to  all  the  impurities  contained  in 
spring-  and  river- water,  we  find  in  sea-Avater  many  other  salts,  such 
as  chlorides,  bromides,  and  iodides,  of  the  alliali  metals  and 
alkaline  earths.  The  amount  of  solid  matter  in  sea-water  averages 
about  36  grams  in  a  thousand  of  teat er.  Most  of  the  solid  matter 
has  been  brought  down  to  the  sea  by  the  rivers.  The  sea  con- 
sequently has  a  tendency  to  become  more  and  more  salt.  In 
places  where  evaporation  is  very  rapid,  and  there  is  no  outlet  for 
the  Avater,  the  water  becomes  more  and  more  saline,  as  in  the 
Dead  Sea. 

Experiments. — («)  Into  different  beakers  put  samples  of  distilled  water, 
rain-water,  hard  spring- water,  river-water,  sea-water,  and  pond-water,  and 
test  as  follows,  carefully  iahulating  results.  Add  silver  nitrate  to  a  portion 
of  each  ;  a  wliite  preciidtate,  varying  in  thickness,  may  or  may  not  be 
noticed.  This  precipitate  shows  prescnc:  of  some  cJiloride,  probably  sodium 
chloride,  or  common  salt. 
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(b)  Add  liarium  cliloride  to  ca  portion  of  each  ;  a  fine  crystalline  pre- 
cipitate indicates  jJrescnce  of  sulphates,  probably  calcium  sulj^hate  (CaSOJ. 

(c)  Boil  down  about  a  pint  of  each,  note  amount  of  residue  (if  any)  in 
each  case.  Collect  it  carefully.  Put  some  on  a  clean  platinum  wire  and 
hold  in  bunsen  flame,  a  red  coloration  indicates  j)resence  of  calcium  salts. 
Add  a  little  acid  (hydrochloric  is  suitable)  to  the  residue  ;  if  it  elfervesces,  it 
shows  that  carhona.tcs  are  present  in  the  residue. 

{d)  Take  some  of  the  "fur"  or  precipitate  from  a  kettle  or  boiler  and 
apply  the  last  two  tests  to  it.  The  flame  coloration  is  very  eviden*-, 
and  the  carbonic  acid  gas  given  oS'  can  be  made  to  turn  lime-water 
milky. 

(c)  Put  some  finely  powdered  chalk  into  distilled  water  and  stir  well,  it 
vAll  not  dissolve.  Now  pass  into  it  plenty  of  carbonic  acid  gas  (made  by 
placing  pieces  of  marble  in  hydrochloric  acid  in  a  flask  and  leading  the  gas  into 
the  water  by  means  of  a  tube),  the  clialk  dissolves.  Take  the  clear  solution 
thus  formed  and  boil  it  ;  the  gas  rapidly  goes  off,  and  the  chalk  is  slowly 
precipitated  again. 

(/)  Compare  this  witli  the  efl'ect  produced  by  blowing  into  lime-water 
for  some  time. 

(g)  Add  a  clear  solution  of  soap  to  each  of  the  above  samples  of  water. 
Notice  if  the  water  forms  a  precipitate  (which  would  be  a  mixture  of  the 
stearates,  palmitates,  and  oleates  of  calcium),  or  if  it  lathers  showing  whether 
water  be  hard  or  soft. 

(70  Take  some  water  which  you  know  contains  calcium  carbonate  held 
in  solution  by  carbonic  acid  gas.  Add  to  it  some  quicklime  and  notice  the 
precipitate  formed.  This  process,  knoMm  as  Claries  process,  is  largely  used 
for  the  softening  of  water  which  is  very  hard.  The  following  equation 
explains  the  reaction  : — 

(HaO-t-COa-f  CaC03);+  CaO  =   (HoO)     +        (•2CaC03) 

/TT     1       t    \  T-  r  (Soft  1       r(Pi'eci]iitated 

(Hard  water)  Lime    \   ^  \     \^      ,    ,,  v 

I  water)  J       I       chalk) 


The  Constituexts  op  Water  :    Hydrogex. 

The  hydrogen  in  water  can  Ix'  obtained  therefrom — 

1.  By  electrolysis  (see  p.  196). 

2.  By  passing  steam  over  red-hot  iron  filings  (see  p.  197). 

3.  By  placing  a  small  piece  of  potassium  or  sodium,  wrapped 
up  in  wire-gauze,  under  water,  and  catching  the  gas  which  escapes 
in  a  gas  jar  filled  with  water,  and  held  over  the  sodium. 

Tlie  metals  of  the  alkalies,  of  which  sodium  or  potassium  are 
the  commonest,  are  able  to  decomf)ose  icater  at  tlie  ordinarfj  tern- 


200      PHYSICAL  AND  CHEMICAL  PROPERTIES 

perature.     They  unite  eagerly  with  oxygen  and  set  free  hydrogen, 

thus  — 

Na  +  H.O^NaHO  +  H. 

ISTaHO  is  caustic  soda,  or  sodium  hydrate,  and  it  is  formed 
by  the  solution  of  the  sodium  oxide  first  formed  in  the  water, 
thus — 

E"ap  +  H20  =  2NanO. 

The  reaction  is  just  the  same  for  potassium,  KHO,  caustic 
potash,  being  left  in  solution  and  hydrogen  set  free. 

If  the  metals  are  placed  on  the  top  of  the  Avater,  on  Avhich 
they  will  float,  the  hydrogen  escapes  into  the  air.  It  may  be 
lighted,  and  the  really  colourless  flame  Avill  be  tinged  yellow  by 
the  sodium  particles  and  lavender-coloured  by  potassium. 

4.  Hydrogen  may  also  be  obtained  very  readily  from  certain 
of  the  common  acids,  such  as  sulphuric  acid  (H2SO4)  and 
hydrochloric  acid  (HCl),  when  certain  metals,  such  as  zinc, 
magnesium,  iron,  or  aluminium,  arc  placed  in  them. 

Take  equal  -weights  of  zinc  and  magnesium  (about  250  milligrams  is  a 
convenient  amount)  and  place  each  kind  of  metal  under  a  graduated  glass 
tube  filled  with  water  and  supported  in  a  vessel  of  water.  Bring  the  tubes 
down  almost  to  the  bottom  of  the  vessel  and  directly  over  the  metals.  Add 
sulphuric  acid.  By  liquid  diffusion,  this  will  reach  the  metals,  and  gas 
will  at  once  he  liberated.  The  action  wall  continue  until  the  metal  has 
entirely  disapj^eared,  and  the  tubes  will  contain  a  certain  volume  of  colour- 
less gas,  which  can  be  proved  to  be  h3'drogen.  It  will  be  found  that  the 
volumes  differ,  althoirgh  we  measure  them  under  similar  conditions  as  to 
temperature  and  pressure.  But  the  ratio  of  the  volumes  is  constant  what- 
ever equal  quantities  we  take  of  the  metals,  and  moreover  this  same  ratio 
is  maintained  when  we  use  hydrochloric  instead  of  sulpluuic  acid. 

Further  Experiments. — 1.  Making  use  of  equations,  such  as— 
Zn  +  HoS04  =  ZnS04  +  Ho 
65+     98     =     161     +2 
Zinc  and  Sulphuric  acid  =  Zinc  sulphate  and  Hydrogen, 
find  by  calculation  the  volumes  of  H  given  off  by  one-third  of  a  gram  of  zinc, 
magnesium,  and  aluminium,  a,ndi  jprove  your  quantities  hj  exijeriinent. 

{Note. — It  will  be  seen  from  above  that  65  grams  of  zinc  give  2  grams  of 
hydrogen.  One  gram  of  H  occupies  at  0^  and  760  millimetres  pressure  a 
space  of  11,200  cubic  centimetres.) 

2.   Repeat  the  above,  using  hydrochloric  acid  ;  thus— 
Zu  +  2HCl  =  ZnCl„  +  H2. 


OXYGEN:   PREPARATION  AND  PROPERTIES  201 

Properties  of  Hydrogen  Gas. 

It  lias  no  colour,  no  taste,  and  Avlien  pure,  no  smell.  Make 
some  in  a  test-tube  or  flask  from  hydrogen  sulphate.  If  the  test- 
tube  be  corked,  and  supplied  with  a  glass  jet,  the  hychogen  can 
be  lighted  (when  all  the  air  has  been  expelled  from  the  vessel), 
and  will  burn  with  a  non-luminous  flame,  forming  water  with  the 
oxygen  of  the  air.  This  can  be  collected  in  a  vessel,  held  over  the 
flame  and  kept  cool  with  a  damp  cloth.  Mix  equal  quantities  of 
hydrogen  and  air  in  a  soda-water  bottle  and  apply  a  light.  The 
mixture  explodes.  Hydrogen  can  'he2JOU7'ed  upwards,  for  air  is  14i 
times  heavier  than  this  gas.  See  if  it  will  afi'ect  lime-water,  when 
bubbled  through  it,  or  wet  litmus  paper  held  in  it. 

Oxygen  :   Its  Preparation  and  its  Properties. 

This  element,  as  we  have  seen,  is  to  be  found  both  in  air  and 
in  water.  Indeed,  it  is  the  commonest  of  all  the  elements.  It 
comprises  fths  of  the  weight  of  water,  and  23  per  cent,  of  the 
weight  of  the  air.  In  fact  it  has  been  roughly  estimated  to  form 
half  the  weight  of  the  earth.  It  is  obtained,  as  we  have  already 
seen,  fro7n  icater  by  the  process  of  electrolysis.  And  it  has  also 
been  abstracted  from  the  air  by  two  diff"erent  processes.  One  of 
the  earliest  Avays  of  making  oxygen  Avas  to  heat  a  boAvl  of  liquid 
mercury  in  the  open  air  until  a  thick  coating  of  the  oxide  had 
been  obtained.  This  Avas  collected  and  heated  in  a  closed  vessel, 
the  resulting  products  being  oxygen  and  mercury.  The  other 
method  is  someAvhat  similar.  Earium  monoxide  (BaO)  is  heated 
in  the  air  until  it  becomes  barium  dioxide  (BaOo).  Tbis,  on  being 
re-heated  to  a  higher  point,  separates  out  again  into  Ijarium 
monoxide  and  oxygen.  There  are,  hoAvever,  more  convenient 
loays  of  preparing  oxijgen  in  the  laboratory.  If  potassium  chlorate 
(KCIO3)  be  heated  Avith  a  little  black  oxide  of  manganese  (MnO^) 
in  a  flask,  it  gives  up  the  Avbole  of  its  oxygen  and  becomes  potas- 
sium chloride  (KCl),  and  the  gas  liberated  may  be  conveniently 
collected  by  displacement  of  AA^ater  in  the  pneumatic  trougb.  The 
oxide  of  manganese  remains  unaltered,  and  is  only  used  because  it 
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assists  the  evolution  of  oxygen  in  a  more  continuous  and  less 
violent  manner.  Prepare  three  or  four  jars  of  oxygen  by  this 
jjrocess,  and  notice  that  when  pure  it  has  no  colour,  taste,  or  smell. 
It  will  not  light,  but  will  rekindle  a  glowing  piece  of  wood.  We 
have  seen  already  that  it  dissolves  slightly  in  ivater.  It  Avill  not 
affect  lime-water  if  the  two  be  shaken  up  together.  When  ele- 
ments are  burnt  in  oxygen  they  form  oxides,  and,  with 
only  one  exception,  all  elements  unite  with  oxygen  to 
form  oxides.  Oxides  are  divided  into  three  classes  according 
to  the  properties  they  possess. 

Experiments. — 1.  lu  three  separate  jars  of  oxygen  burn  each  of  tlie 
foHowhig  :  sulphur,  phosphorus,  and  charcoal.  Notice  that  the  combustion 
is  far  more  energetic  than  iu  the  air.  Sulphur  and  charcoal  form  invisible 
gases,  sulphur  dioxide  (SO2)  and  carbon  dioxide  (COg),  phosphorus  gives 
dense  white  fumes  of  pentoxide  of  phosphorus  (PoOg).  Shake  each  gas  up 
well  with  water  and  test  the  liquid  with  blue  litunis.  It  will  turn  red, 
showing  that  the  oxides  are  all  acid. 

S02  +  H„0  =  H.S0,, 
Sulphur  dioxide  and  Water  give  Suljihurous  acid. 

P205  +  HoO  =  2HP03 

Phosphorus  j   ^^^^^  ^y^^^^,    .^  j  Phosphoric 
pentoxide    )  (       acid. 

Acids  are  liodies  Avith  a  sharp  and  bitter  taste  :  they  are  able 
to  change  to  red  several  vegetable  blue  colours,  such  as  litmus. 
The  stronger  acids,  such  as  sulphuric,  nitric,  and  hydrochloric, 
dissolve  most  metals,  forming  salts,  and  they  destroy  organic  matter. 
All  acids  when  added  to  carbonates  disengage  carbonic  acid  gas. 
With  bases  they  form  salts  (see  below). 

2.  Place  a  little  piece  of  metallic  sodium  iu  the  deflagratiug  spoou, 
warui  it,  and  place  it  in  a  fresh  jar  of  oxygeu.  It  inflames,  forming  an 
oxide  Na„0,  which  is  typical  of  the  second  great  class  of  oxides,  the 
alkalies,  or  basic  oxides.  To  this  class  belong  the  oxides  of  potassium, 
calcium,  magnesium,  etc. 

AlkaHes  or  bases  are  exactly  opposite  to  acids  in  their 
properties.  They  turn  red  litmus  blue.  They  have  a  soapy, 
caustic  taste.  They  neutralise  acids,  combining  with  them  to  form 
salts.  They  have  no  action  on  carbonates.  Strong  alkalies 
dissolve  organic  matter. 
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3.  Take  some  of  tlie  mixture,  which  has  been  used  I'or  the  prepara- 
tion of  oxygen  and  is  no  longer  needed,  break  up  the  fused  black  mass, 
and  shake  it  up  well  with  water.  Filter  it,  and  observe  the  residue,  the 
black  oxide  of  manganese.  This  is  a  neutral  oxide,  and  it  has  neither  acid 
nor  basic  jtropertics.     Water  is  a  good  example  of  a  neutral  oxide. 

4.  Salts. —Evaporute  down  the  filtrate  obtained  in  the  above  expeii- 
ment,  until  you  get  a  dry  white  salt,  resembling  common  salt  in  taste  ; 
tliis  is  potassium  chloride.  It  will  serve  as  an  example  of  a  typical  salt. 
It  is  made  from  a  basic  oxide  or  hydrate  (KHO)  and  an  acid  (HCl;. 

5.  Take  some  caustic  potash  solution  and  add  it  to  hydrochloric  acid 
until  the  mixture  is  neutral  to  litmus,  then  evaporate  down,  and  you  get 
exactly  the  same  substance  as  you  did  when  you  drove  off  the  oxygen  from 
the  chlorate  of  potash. 

These  important  types  of  siiljstances,  acids,  bases,  and  salts, 
will  be  considered  more  in  detail  at  a  later  stage. 

Oxygen  is  essential  to  the  life  of  an  animal.  It  is  inhaled 
into  the  lungs,  and  eventually  unites  with  some  of  the  carbon 
in  the  animal  tissues  to  form  carlnjuic  acid,  which  is  exhaled 
by  all  animals.  Plants,  under  certain  conditions,  exhale  oxygen 
anil  iidiale  carbonic  acid.  Oxygen  may  be  li(iuefied,  and  even 
soliditied  by  groat  cold  and  pressure. 

QUESTIONS  AND  EXERCISES  ON  CHAPTER  Till. 

1.  How  would  you  experimentally  separate — ■ 

{a)  A  mixture  of  fine  white  sand  and  sugar  ; 
{h)  Mud  and  clear  water  mixed  ; 

(f)  Sugar  and  water  when  the  former  is  dissolved  in  tlie  latter  ? 
How  would  you  in  each  case  find  the  exact  amount  of  each  substance 
present  ? 

2.  Explain  the  terms  "solution"  and  "diirusion."  Name  some  liipiid 
which  will  dissolve  in  another,  and  also  some  gas  which  will  dissolve  in  a  liquid. 

3.  Give  briefly  reasons  for  supposing  tliat  matter  consists  of  small 
particles,  and  explain  clearly  the  meanings  of  the  terms  "atom"  and 
"molecule." 

4.  Heat  a  piece  of  iron  wire  in  tlie  bunscn  flame,  and  treat  a  piece  of 
magnesium  wire  in  the  same  way. 

Heat  some  powdered  sugar  in  a  test-tube,  and  treat  some  sal-ammoniac 
in  the  same  way  in  another  tube. 

From  results  you  obtain  in  these  two  experimenis,  explain  the  difi'erencc 
between  a  "physical"  and  a  "chemical"  change.  Further  illustrate 
your  answer  by  explaining  the  diflerence  between  "  electrolysis "  of  water 
and  "distillation." 
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5.  Heat  small  quantities  of  iodine,  ammonium  chloride,  and  lead 
nitrate.  Plug  the  vessels  with  cotton-wool.  Comi^are  the  changes  taking 
place,  and  closely  investigate  the  substances  when  they  are  cold. 

6.  Perform  and  describe  some  chemical  experiment  which  will  prove, 
that  there  is  no  alteration  in  the  total  amount  of  matter  taking  place  in  the 
chemical  change. 

7.  How  would  you  distinguish  between  the  chemical  and  physical 
properties  of  some  element  you  know  of,  oxygen  for  instance  ? 

8.  How  would  you  prepare  a  solution  of  salt  which  would  contain 
•25  grams  in  5  cubic  centimetres  ? 

What  is  meant  by  a  10  per  cent,  solution  of  silver  nitrate  ? 
Find  out  practically  the  amount  of  common  salt,  potassium  chlorate,  and 
nitre,  which  will  dissolve  in  100  cubic  centimetres  of  water  at  15°  C. 

9.  Find  out  by  experiment  the  amount  of  water  of  crystallisation 
contained  in  5  grams  of  washing-soda. 

10.  H  50  cubic  centimetres  of  hydrogen  and  40  cubic  centimetres  of 
oxygen  are  exploded  in  an  eudiometer,  what  gas  and  what  volume  of  it  will 
be  left  over  ? 

11.  An  eudiometer  contains  85  cubic  centimetres  of  air  :  what  amount 
of  hydrogen  must  be  used  to  combine  with  all  the  oxygen  present?  What 
gas,  and  what  amount  of  it,  will  he  left  over  ? 

12.  Give  reasons  for  supposing  that  the  air  is  a  mixture  of  gases,  and 
not  a  com^jound. 

13.  Calculate  the  amount  of  air  required  to  completely  oxidise  half  a 
gram  of  magnesium  wire. 

14.  Give  a  few  reasons  for  supposing  that  matter  is  indestructible. 

15.  How  Avould  you  proceed  to  find  the  weight  of  one  litre  of  coal-gas  ? 

16.  Name  the  three  classes  of  oxides,  and  by  comparing  their  jiroperties 
distinguish  carefully  between  them. 

17.  ]\Iention  and  describe  the  diff'.-rent  modes  of  chemical  action. 
Give  one  illustration  of  each. 

18.  Distinguish  betAveen  the  atomic  weight  and  the  molecular  weight 
of  an  element.  Explain  clearly  how  atomic  weights  are  determined  by 
Avogadro's  law.     How  may  the  atomic  weight  thus  deteiniined  be  checked  ? 

19.  State  the  law  of  combination  in  definite  proportions,  and  give  an 
account  of  the  experiments  you  would  make  to  prove  the  law. 

20.  Describe  the  method  of  determining  accurately  the  ratio  of  the 
volumes  of  oxj'gen  and  hydrogen  which  combine  to  form  water. 

21.  What  is  the  constitution  of  pure  air?  What  im}iurities  are  usually 
present  (1)  near  a  large  manufacturing  town,  (2)  in  a  room  containing  a 
lai'ge  number  of  people  ? 

22.  Describe  an  experiment  showing  that  two  volumes  of  hydrochloric 
acid  gas  contain  one  volume  of  hydrogen.  What  conclusion  depending  on 
Avoiradro's  law  can  be  drawn  from  this  fact  ? 


CHAPTER  IX 

SOME   OF   THE    MORE    COMMON   ELEMENTS   AND 
THEIR   COMPOUNDS 

Carbon,  after  oxygen  and  hydrogen,  is  one  of  the  most 
ividely  distributed  elements,  for  it  not  only  occurs  in  all  animal 
and  vegetable  matter,  but  combined  with  metals  and  oxygen  (as 
carbonates)  it  is  a  constituent  of  huge  mountain  masses.  We 
have  seen  that  it  occurs  in  the  air  and  water  as  carbon  dioxide. 

Diamond  is  a  naturally  occurring  form  of  pure  carbon,  as  is 
also  graphite  or  blackdead.  These  two  substances  are  proved 
to  be  the  same  by  burning  equal  Aveights  of  both  in  oxygen,  when 
equal  weights  of  carbon  dioxide  (and  nothing  else)  will  be  formed. 
Amorphous  forms  of  carbon  are  seen  in  substances  such  as  char- 
coal and  coke.  Neither  of  these  is  pure  carbon,  as  they  both 
contain  varying  quantities  of  mineral  ash.  Still  more  impure  forms 
of  carbon  are  lamp-black,  soot,  bone-charcoal,  and  coal. 
The  amount  of  carbon  in  coal  varies  with  the  age  of  the  coal. 
Brown  coal  or  lignite,  the  youngest  form,  contains  only  60  per 
cent.,  Avhereas  anthracite  contains  over  90  per  cent.  Carbon 
imites  with  oxygen  in  two  different  proportions,  but  one  is  far  more 
common  than  the  other,  for,  Avhenever  there  is  plenty  of  oxygen, 
carbon  dioxide  is  always  produced  by  the  burning  of  carbonaceous 
matter. 

Experiments. — 1.  Take  a  cube  of  hoxwood  (length  of  side  about  2  centi- 
metres), weigh  it.  Bury  it  well  iu  sand  contained  in  a  crucible,  and  heat  it 
till  completely  charred.  When  cool,  re-weigh  :  the  loss  of  weight  is  due 
to  the  gases  0,  H,  N,  etc.,  which  have  gone  off.  This  will  give  you  a  rough 
idea  of  the  proportion  of  carbon  in  vegetable  matter. 

Now  heat  the  ciibe  in  the  open  air,  until  the  black  colour  has  disappeared 
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and  nothing  but  white  ash  remains.      Re-weigh  and  find  the  amount  of 
mineral  ash  present. 

Add  a  droji  of  acid  to  the  mineral  ash,  if  it  effervesces  it  will  show  that 
there  is  still  a  little  carbon  left  as  carbonate  (of  potash). 

2.  Break  i\p  some  wood  into  small  fragments  and  heat  in  a  closed  test- 
tube.  Note  that  an  inflammable  gas  comes  off  (light  it),  that  an  acid 
liquid  (test  it)  of  dirty  brown  colour  also  comes  out,  and  that  charcoal  is 
left. 

3.  Repeat  the  above  experiments  with  a  fragment  of  solid  bone. 
Notice  that  the  amount  of  carbon  is  much  smaller,  and  the  ash  (ph«s- 
jihate  of  calcium)  much  bigger.  The  liquid  also  will  l)e  Ibund  to  be 
alkaline. 

4.  Find  the  amount  of  weight  lost  in  heating  in  closed  tubes  equal 
quantities  of  anthracite  and  lignite. 

5.  Invert  a  jar  of  ammonia  gas  in  a  basin  of  mercury,  and  place  in  it 
a  piece  of  freshly  made  wood-charcoal.  The  mercury  will  rise  rapidly  to  the 
top,  and  the  gas  will  disappear  into  the  charcoal.  Charcoal  is  a  great 
absorbent  of  gases,  and  as  such  is  used  as  a  disivfedant. 

6.  Pour  some  indigo  solution  through  several  thicknesses  of  bone- 
charcoal.  Boil  a  little  claret  (or  litmus)  with  some  bone-charcoal  in  a 
test-tube  and  filter.  In  both  cases  colourless  liquids  result.  Charcoal 
absorbs  many  kinds  of  colouring  matter. 

7.  Take  a  known  weight  of  charcoal  and  heat  it  in  a  tube  througli 
which  oxygen  is  passing  slowly.  Collect  the  resulting  gas  in  bulbs  contain- 
ing caustic  potash  solution.  The  gas  formed  is  carbt  nic  acid.  (A  sample 
of  it  can  be  tested  with  lime-water.)  If  we  know  the  weight  of  the  carbon 
dioxide  formed  in  the  bulbs  and  the  weight  of  the  charcoal  used,  we  can 
ascertain  the  projiortion  in  which  carbon  unites  with  oxygen.  This  will  be 
found  to  be  12  of  carbon  to  32  of  oxygen. 

8.  Repeat  the  exjieriment  with  some  other  form  of  carbon. 

9.  Burn  various  other  forms  of  matter  containing  carbon,  and  note 
that  the  product  is  in  each  case  carbonic  acid  gas.  Suitable  examples  are 
methylated  spirit,  a  candle,  coal-gas,  starch.  These  may  be  burnt  in  a  largo 
jar,  and  the  products  of  combustion  be  shaken  up  with  lime-water,  when  it 
will  be  found  that  COg  is  formed  in  each  case. 

10.  Note  that  the  breathing  of  animals  produces  COo.  Hence  it  is  fair 
to  assume  that  the  evolution  of  COg  is  connected  with  the  oxidation  of 
carbon,  in  some  form,  in  the  body  of  the  animal.  This  is  really  the  case, 
the  carbon  in  the  blood  is  oxidised  in  the  lungs  by  the  process  of  respiration. 

11.  Note  that  whereas  diamond  is  the  hardest  and  most  refractive 
substance  known,  graphite  is  soft  and  greasy  to  the  touch,  and  in  the  form 
of  common  black-lead  is  used  for  lubricating  purposes.  Compare  the  marks 
made  on  paper  by  black-lead,  charcoal,  and  real  metallic  lead,  and  you  will 
understand  the  origin  of  the  very  misleading  uauie  of  the  first. 
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Oxides  of  Carbon. 

Take  a  liard  glass  tube,  and  fill  it  half  full  with  fragments  of 
charcoal.  Heat  the  tube  to  red  heat  and  pass  slowly  over  the 
charcoal  some  carbon  dioxide,  made  from  marble  and  hydrochloric 
acid.  The  gas  which  issues  from  the  end  of  the  tube  will  be 
fi^und  to  be  entirely  different  from  carbon  dioxide. 

{r()  It  will  not  prcciiiitatc  lime-water. 
{b)  It  will  linrii,  foniiing  COo. 
((•)  It  is  insolul)le  in  water. 

This  gas  is  Carbon  Monoxide  (CO),  farmed  by  the  addition 
of  an  atom  of  C  to  the  CU.„  thus — 

C0o  +  C  =  2C0. 

It  may  be  often  seen  in  any  clear  fire,  as  a  pale-blue  flame 
burning  on  the  top  of  red  embers.  The  carbon  dioxide  formed  at 
the  bottom,  and  in  the  interior,  of  the  fire,  in  passing  over  the  red- 
hot  carbon  higher  up  becomes  converted  into  carbon  monoxide, 
which  catches  fire  again  at  the  top  of  the  grate,  and  passes  up 
the  chimney  as  carbon  dioxide. 

The  two  oxides  of  carbon  may  be  prepared  simultaneously  by 
heating  in  a  flask  some  oxalic  acid  and  a  little  strong  sulphuric 
acid,  thus — 

CoHA  =  C02-[-CO-f-HoO 
Oxalic  acid  yields  Carbon  dioxide,  Carbon  monoxide,  and  Water. 

The  CO2  may  be  absorbed  in  caustic  potash,  and  the  CO  will 
pass  on  and  can  be  burnt.  Carbon  monoxide  is  a  Idglily 
iwisonoas  gas,  whereas  the  dioxide  possesses  merely  sufl'ocating 
properties.  The  monoxide,  together  with  hydrogen,  forms  the 
so-called  ivater-gas,  which  is  used  as  fuel  in  several  important 
manufactories.  Carbon  monoxide  is  also  a  very  useful  reducing 
agent ;  that  is,  it  takes  away  oxygen  from  different  substances, 
and  reduces  them  to  the  metallic  state.  The  large  quantities  of 
iron  turned  out  by  the  blast  furnaces  are  produced  by  the  aid  of 
carbon  monoxide,  which  takes  away  the  oxygen  of  the  ore.  This 
may    be    shown    in    the   laboratory   by  passing  a  stream  of  the 


2o8  THE  MORE  COMMON  ELEMENTS 

monoxide  over  copper  oxide  heated  in  a  glass  tube,  metallic 
copper  and  carbon  dioxide  being  formed. 

Carbon  Dioxide  is  readily  produced  by  the  action  of  any 
acid  on  any  carbonate.  Perhaps  the  best  way  of  making  it  is  by 
the  action  of  hydrochloric  acid  on  marble,  in  a  flask.  The  gas 
formed  can  be  collected  in  long  gas  jars,  by  displacement  of  air. 

The  following  experiments  illustrate  the  more  important 
properties  of  carbon  dioxide  : — 

1.  It  extinguishes  a  lighted  taper.  Try  this  in  a  jar  of  gas.  And 
note  also  that  CO2  will  not  burn. 

2.  Counterpoise  a  beaker  on  the  balance,  and  jjour  into  it  COo  from  the 
gas  jar.  Being  heavier  than  air,  carbon  dioxide  can  be  poured  just  as  water 
is,  and  the  beaker  will  at  once  be  seen  to  become  much  heaA'ier. 

3.  Pass  some  COo  into  a  test-tube  containing  a  little  powdered  chalk 
suspended  in  water.  The  chalk  ivtll  dissolve  when  the  water  is  saturated 
with  the  gas. 

4.  Pass  some  of  the  gas  into  water,  and  notice  that  the  water  has  an 
acid  reaction  to  litmus,  but  feebly  so. 

5.  Pass  some  of  the  gas  into  caustic  potash  solution.  If  you  know  the 
weight  of  solid  caustic  potash  in  the  solution  at  starting,  and  then  evaporate 
down  the  solution  after  the  COg  gas  has  been  passed  in  for  some  time,  you 
will  notice  a  considerable  increase  of  xceight.  The  white  salt  left  is  no 
longer  caustic  potash,  hwt  potassium  carbonate,  KjCOg. 

6.  Try  some  of  the  above  exj)eriments  with  the  gas  given  off  from 
soda-water  or  any  similar  effervescent  water.  It  will  be  found  to  be  carbon 
dioxide,  the  best  test  for  which  is,  as  often  mentioned  before,  the  fact  that 
it  turns  lime-water  milky. 

Carbonates. 

Carbonic  acid  unites  with  most  bases,  forming  an  important 
class  of  salts  called  carbonates.  Of  these  many  occur  in  groat 
quantity  in  the  earth,  thus  chalk,  limestone,  and  marble 
are  carbonate  of  calcium,  CaCOg.  Dolomite,  which  forms  large 
mountain  masses,  is  a  mixture  of  magnesium  and  calcium 
carbonates.  The  carbonates  of  iron,  barium,  and  copper  are  also 
common. 

Carbonates  are  mostly  insoluble  salts,  and  they  are  easily 
decomposed  by  heat,  or  hy  the  action  of  acids.  Any  acid  will 
set  free  carbonic  acid  gas  from  any  carbonate,  so  feeble  is  the 
combination  of  the  acid  with  the  metallic  base. 
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Some  few  metals,  such  as  sodium  and  potassium,  have  two 
carbonates ;  thus  Ave  have  sodium  bicarbonate,  NaHCOg,  and 
ordinary  sodium  carbonate,  Na^COg  (commonly  called  soda).  The 
former  is  made  from  the  latter  by  passing  carbonic  acid  gas  mto 
a  solution  of  Ka^COg.  As  will  be  seen  from  the  formulae,  the 
difference  in  composition  of  the  two  consists  in  the  fact,  that 
one  contains  one  atom  of  hydrogen  and  one  of  sodium,  whereas 
the  other  contains  two  atoms  of  sodium.      (See  Sulphates,  p.  216.) 

Compounds  of  Carbon  and  Hydrogen. 

There  are  many  important  compounds  of  hydrogen  and  carbon, 
but  of  these,  three  alone  need  be  considered  briefly  here.  The 
first  is  a  naturally  occurring  gas,  CH^,  methane  or  marsh 
gas,  or  light  carburetted  hydrogen.  It  may  be  collected  from 
almost  any  pond  by  stirring  up  the  bottom,  and  allowing  the 
bubbles  Avhich  rise  to  collect  in  a  jar  of  Avater.  In  the  laboratory 
it  may  be  made  by  heating  together  acetate  of  sodium  and  caustic 
soda.  It  can  be  collected  by  displacement  of  water,  and  the 
following  properties  noted  : — 

It  has  no  colour,  taste,  or  smell.  Xext  to  hydrogen  it  is  the 
lightest  gas  knoAvn,  and  is  insoluble  in  ivater.  It  burns  Avith  a 
non-luminous  flame,  forming  carbori  dioxide  and  icater.  Mixed 
with  air  it  explodes  v'iolently. 

It  is  one  of  the  constituents  of  coal-gas,  and  as  it  is  given  oft' 
freely  from  coal  it  is  often  the  cause  of  disastrous  explosions  in 
mines.  When  it  becomes  mixed  Avith  air  and  comes  in  contact 
with  a  naked  flame,  it  explodes  at  once.  It  is  called  "  Fire- 
damp "  by  miners,  and  its  after  -  product,  carbon  dioxide,  is 
termed  *'  Choke-damp." 

Methane  is  a  saturated  compoimd,  that  is  to  say,  each  atom  of 
carbon  is  united  to  the  maximum  amount  of  hydrogen,  viz.,  four 
atoms.  It  is  therefore  able  to  form  compounds  by  substitution 
only.  Thus,  chlorine  may  take  the  place  of  some  of  the  hydrogen 
as  CHClo,  chloroform. 

Ethylene  or  olefiant  gas,  C0H4,  is  familiar  to  us  as 
the  principal  constituent  of  coal-gas.  It  is  easily  made  in  the 
14 
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laboratory  by  Avarmiiig  togetber  in   a    flask,  alcobol  and  strong 
sulphuric  acid. 

As  it  is  insoluhle  in  water,  tbe  gas  may  be  collected  in  the 
ordinary  way  over  the  pneumatic  trough. 

Make  and  collect  some  gas,  and  note  the  following  properties. 
It  is  colourless,  it  has  sweetish  smell  and  taste,  it  hums  with  a  bright 
flame  (from  which  carbon  in  form  of  soot  is  deposited  on  a  cold 
surface),  forming  CO2  and  H2O.  It  will  explode  when  mixed 
with  air  and  ignited.  It  will  not  support  combustion.  If  mixed 
Avith  an  equal  volume  of  chlorine  gas,  the  two  combine,  forming  an 
oily  liquid,  CoII^Cl2.  It  is  from  this  liquid  that  the  name 
"  olefiant  "  was  given  to  the  gas. 

It  will  be  noted  that  chlorine  can  be  added  to  CgH^.  Hence 
it  differs  from  CII4  in  not  being  a  saturated  compound,  the  carbon 
is  able  to  take  up  other  atoms  to  unite  with  it. 

Acetylene,  C9H2,  like  ethylene,  is  one  of  the  constituents 
of  coal-gas.  It  has  lately  come  into  general  use  for  illuminating 
purposes,  where  ordinary  coal-gas  is  not  to  be  had.  This  is  owing 
to  the  fact  that  an  extremely  simple  method  of  preparing  it  has 
been  discovered,  namely,  allowing  loater  to  act  gradually  on  carbide 
of  calcium.  This  may  be  done  in  a  flask  in  the  laboratory,  alloAving 
the  water  to  drop  slowly  on  to  the  carbide,  the  reaction  being 
2H2O  +  CaCo  =  Ca(H0)2  +  C2H0 
Water  and  Calcium  carbide  give  Slaked  lime  and  Acetylene. 

The  gas  which  comes  off  will  be  found  to  be  colourless  and  to 
have  a  sickly  smell.  It  is  poisonous  when  undiluted.  It  burns 
with  a  bright  smoky  flame,  forming  HjO  and  COg.  It  dissolves 
partly  in  water,  but  nevertheless  may  be  collected  in  the 
pneumatic  trough  in  the  ordinary  way. 

Formerly  acetylene  was  prepared  by  the  direct  union  of 
carbon  and  hydrogen,  and  as  the  process  was  a  difficult  one  the 
gas  had  no  practical  value. 

SuiiPHUE. 

Sulphur  is  one  of  the  few  elements  that  are  found  native.  It 
occurs    Mi  volcanic  districts,   and  in  former  times  was    entirely 
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derived    from    this  source,  tliougli  nowadays  it  is  manufactured 
from  its  compounds  as  well. 

Heat  in  a  hard  tube  a  common  sulphide,  such  as  iron  pyrites 
(well  powdered).  Sulphur  forms  as  a  yellowish  powder  on  the 
cool  end  of  the  tube.  This  yelloAvish  powder  is  known  as  flour 
of  sulphur  ;  when  it  is  heated,  it  melts  and  becomes  liquid.  Tlie 
liquid  can  be  cast  into  sticks,  which  are  known  as  roll  sulphur 
or  brimstone,  the  common  form  in  which  sulphur  is  sold  com- 
mercially. Take  some  of  the  brimstone,  split  it  up  into  small 
fragments,  put  some  in  a  flask,  and  heat  gently.  It  Avill  be  found 
that  the  sulphur  becomes  quite  liquid  at  about  115^  C;  after  this 
point  it  becomes  thicker,  and  darkens  in  colour,  and  at  length  is 
so  viscid  that  the  flask  can  be  inverted  without  the  spilling  of 
the  sulphur.  Sulphur  boils  at  about  440°,  giving  oif  a  reddish 
gas.  When  boiling,  some  of  it  should  be  poi;red  into  an  earthen 
crucible,  and  some  of  it  into  perfectly  cold  Avater.  The  latter 
portion  will  assume  what  is  knoAvn  as  the  plastic  form :  though 
this  is  only  a  temporary  condition.  The  former  portion  Avliich 
was  placed  in  the  crucible  may  be  compared  Avith  the  original,  and 
Avill  be  found  to  be  the  same  substance,  quite  unaltered  by  the 
high  temperature  to  which  it  has  been  heated. 

Sulphur  is  dimQ7'phoiis,  that  is,  it  exists  in  tAVO  crystalluae 
forius,  one  of  Avhich  is  easily  obtained  by  dissolving  a  small 
quantity  of  brimstone  in  carbon  disulphide  and  alloAving  the 
liquid  to  e\'aporate,  Avhen  Ave  obtain  octahedral  crystals.  The 
other  A'ariety,  long  needle-shaped  prisms,  may  be  seen  by  heating 
a  crucible  full  of  sulphur,  allowing  it  to  cool  and  form  a  crust 
over  the  surface,  and  then  pouring  out  the  liquid  contents  through 
a  hole  in  the  crust.     The  interior  Avill  contain  these  crystals. 

Milk  of  sulphur  is  a  finely  divided  poAvder  obtained  by 
boiling  together  ordinary  sulphur  and  milk  of  lime. 

Sulphur  is  often  precipitated  from  solutions  in  the  form  of 
a  U'hitish-yellow  precipitate,  as,  for  example,  Avhen  sulphuretted 
hydrogen  gas  is  passed  into  nitric  acid,  or  Avhen  a  strong  acid  is 
added  to  an  alkaline  sulphide. 

Sulphur  is  found  in  nature  combined  Avith  many  metals  as 
sulphides.      Of   these   the   most  common  are   pyrites    or    iron 
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sulphide,  FeSg,  blende  or  zinc  sulphide,  ZnS,  and  galena  or  lead 
sulphide,  PbS. 

The  metallic  sulphides  are  extensively  extracted  from  the 
earth,  and  used  in  the  preparation  of  the  various  metals.  Thus 
cinnabar  or  vermilion,  which  is  a  sulphide  of  mercury,  is  used 
for  the  manufacture  of  mercury.  Sulphur  unites  directly  with 
metals  to  form  sidphides. 

Experiment. — Heat  some  sulphtir  in  an  ignition  tube,  and  drop  irit»  it 
either  copper  turnings  or  iron  filings.  Combination  takes  place  at  once,  and 
we  get  copper  sulphide  or  iron  sulphide  formed. 

One  of  the  most  important  sulphides  is  hydrogen  Sulphide 
or  sulphuretted  hydrogen,  HoS,  a  naturally  occurring  gas, 
which  is  found  dissolved  in  various  mineral  waters,  such  as  those 
of  Harrogate. 

It  is  largely  used  in  the  processes  of  chemical  analysis,  as  it 
enables  the  metals  to  be  separated  into  different  groups. 

Experiments. — 1.  Prepare  some  sulphuretted  hydrogen  gas  by  acting 
on  iron  sulphide,  FeS,  eiiher  with  sulphuric  or  hydrochloric  acid,  thus — 
FeS  +  2HCl  =  H2S  +  reC]o. 

Collect  several  jars  full  of  the  gas.  This  may  be  done  over  water,  in 
spite  of  the  fact  that  the  gas  is  largely  soluble  in  water. 

2.  Note  tliat  the  gas  is  colourless  ;  that  it  has  a  disagrceaUc  smell  of 
rotten  eggs ;  that  it  vjill  burn,  producing  either  sulphur  and  water,  or  SO2 
and  HgO,  according  to  the  amount  of  oxygen  which  has  access  to  the  flame. 
Observe  that  when  it  dissolves  in  water,  the  solution  is  acid  to  litnuis  (hence 
its  alternative  name  hydrosidphuric  acid) ;  that  it  blackens  filter  paper, 
which  has  been  moistened  with  a  solution  of  lead  acetate  or  silver  nitrate, 
forming  black  sulphides  of  those  metals.  Allow  some  of  the  solution  to 
stand  for  a  day  or  two,  it  turns  milky  owing  to  the  sulphur  depositing  out 
consequent  on  the  oxidation  of  the  hydrogen  of  the  H^S. 

Note  finally  that  the  gas  can  be  poured  downwards,  therefore  it  is 
heavier  than  air,  and  that  if  it  he  mixed  with  chlorine  gas  it  is  decomposed, 
yielding  hydrochloric  acid  and  free  siilphur. 

3.  Make  up  solutions  of  bismuth  nitrate,  copper  sulphate,  iron  sulphate, 
zinc  sulphate,  calcium  sulphate,  magnesium  sulphate,  and  sodium  sulphate, 
and  add  a  little  HCl  to  each.  Pass  bubbles  of  sulphuretted  hydrogen 
through  each,  and  note  that — 

(a)  Bismuth  and  copper  salts  give  immediate  preeiiiitates  (black); 
{b)  Iron  and   zinc  salts  give  no  preci2)itate  until  a  little  ammonia 
be  added  : 
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((•)  Tliat   salts  of  calcium,  iiiagucsiuin,  and  sodium  give  110  pre- 
cipitate under  any  circuni stances. 
TIius  it   will   be   understood    how   sulphuretted    hydrogen   is   used  for 
classing  the  metals  into  three  distinct  groups — 

(rt)  Those  which  give  precipitates  from  acid  solutions. 
{!>)  Those  precipitated  from  alkaline  solutions. 
(c)  Those  not  precijiitated  at  all. 

Carbon  Disulphide,  CSo,  a  liquid  several  times  mentioned 
in  previous  pages  for  its  solvent  powers,  is  made  by  passing 
sulphur  vapour  over  red-hot  charcoal.  It  is  very  inilammablc 
and  has  an  unpleasant  smell. 

Oxides  op  SuLrnun. 

We  have  already  seen,  that  Avhen  sulphur  is  burnt  in  oxygen 
or  air,  sulphur  dioxide,  SOo,  is  formed. 

Experiments. — -1.  Prepare  some  sulphur  dioxide  by  a  different  method, 
viz.,  by  the  action  of  sulphuric  acid  on  either  copper  turnings  or  sodium 
sulphite.  It  may  be  prepared  in  a  flask,  and  tlie  gas  may  be  collected  in 
jars  by  displacement  of  air,  and  some  of  it  may  be  passed  into  water,  in 
which  it  is  soluble,  for  further  experiments. 
The  reactions  are — 

Cu  +  2HoS04= CUSO4  +  SO..  +  2H2O 
Na.SO,  +  H,S04= Na,SOj  +  SOo  +  H^O. 

2.  Note  that  the  gas  in  the  jars  is  colourless,  acid  to  lilmus,  has  a 
sfro?ig  smell  (of  burnt  sulphur),  will  neither  burn  nor  sujtjwrt  comhustioi:., 
and  will  destroy  the  colour  of  a  flower  (such  as  a  rose  or  violet)  held  in  it. 
It  has  hleaching  properties. 

3.  The  solution  of  the  gas  in  water  is  known  as  sulphurous  acid, 
H2SO3,  and  when  it  acts  on  bases  it  forms  salts  called  sulphites.  Atld 
some  of  the  solution  to  caustic  potash,  or  sodium  cavl)onate  solutioiis,  or  pass 
tlie  gas  into  them  directly. 

On  evaporating  down,  it  will  be  found  that  potassium  sulphite,  or  sodium 
sulphite  is  formed,  from  which  the  SOo  gas  can  be  easily  liberated  by  tlie 
addition  of  a  few  drops  of  strong  sulphuric  acid. 

4.  If  a  little  Condy's  fluid  be  added  to  sulphurous  acid,  the  colour  is 
destroyed.  This  is  because  sulphurous  acid  is  a  reducing  agent.  It 
subtracts  oxygen  from  bodies,  and  becomes  H2SO4,  sulphuric  acid.  This  is 
further  seen  when  a  little  nitric  acid  is  dropped  into  a  jar  of  SOo  gas  ; 
sul^jhuric  acid  is  formed  by  the  deoxidising  of  the  nitric  acid. 

It  is  owing  to  this  property  that  sulphur  dioxide  gas  is  so  largely  used 
for  disinftcting  purjwses. 
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5.  To  the  siilpliurouf?  acid  solution  add — 

(«)  Some  barium  chloride,  note  the  white  precipitate  soluble  in 

h3'drochloric  acid, 
(6)  Some  silver  nitrate,   and  note  the  white  precipitate  turning 
dark. 
Compare  these  reactions  of  sulphites  with  those  of  sulphates  later  on,  and 
see  how  the  two  are  distinguished  from  each  other. 

Sulphur  Trioxide,  SO3,  is  another  of  the  oxides  of 
sulphur.  It  does  not  occur  naturally,  and  is  somewhat  difficult 
to  prepare.  It  is  only  mentioned  here,  hecause,  with  water,  it 
forms  H2SO4,  sulphuric  acid,  one  of  the  most  important  of 
acids,  thousands  of  tons  of  which  are  made  every  week  in  this 
country  alone. 

The  manufacture  of  the  acid  on  a  large  scale  is  dependent  on 
what  was  mentioned  in  connection  with  sulphurous  acid,  viz., 
that  the  last-named  acid  can  be  made  to  take  up  another  atom  of 
oxygen,  and  thus  be  converted  into  sulphuric  acid.  This  is 
effected  by  means  of  one  of  the  oxides  of  nitrogen,  thus — 
HoO  +  SO.,  +  N2O3  =  H2SO4  +  N,0,. 

On  the  addition  of  air  the  ^2^2  ^becomes  ]Sr.,Oo  again,  and  is 
once  more  ready  to  yield  up  an  atom  of  oxygen  to  a  fresh  portion 
of  the  H.SO.. 

The  process  is  carried  on  in  large  leaden  chambers  into  which 
steam,  suJ.jjluir  dioxide,  air,  and  the  fiwies  from  heated  nitre  are 
all  passed.  Sulphuric  acid  collects  as  a  heavy  oily  liquid  on  the 
floor  of  the  chambers. 

Experiments. — 1.  Prepare  a  little  sulphuric  acid  by  distilling  in  a 
retort  some  green  ferrous  sulphate.  If  the  vapours  which  come  off  are 
cooled  in  a  condenser,  a  little  weak  (and  impure)  sulphuric  acid  will  be 
obtained. 

A  better  way  is  to  pass  into  one  large  glass  vessel  the  following  gases, 
SOo,  H^O,  1^204,  and  air.  The  large  vessel  should  occupy  a  central 
position,  and  the  smaller  flasks  in  which  each  of  the  above  gases  is  generated 
can  be  grouped  around  it.  The  gases  should  be  passed  into  the  large 
vessel  simultaneously,  and  the  vessel  should  be  provided  with  a  cork  with 
five  perforations  to  admit  the  glass  tube  from  each  of  tl\e  smaller  flasks. 
The  acid  thus  prepai'ed  may  be  compared  with  the  acid  in  the  laboratory 
by  the  following  reactions. 

2.  Compare   the  ^Yeights  of  equal  quantities    of    water  and    sulphuric 
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acid.  It  will  be  foiinJ  that  the  pure  acid  is  nearly  twice  as  heavy  as  water. 
Pour  some  of  the  acid  very  carefully  iuto  water,  and  notice  the  rise  of  tem- 
perature as  the  liquids  mix.  It  may  be  dangerous  to  pour  a  light  liquid, 
such  as  water,  into  a  heavy  liquid,  such  as  sulphuric  acid,  when  the 
temperature  rises  in  this  way  ;  therefore  acids  are  always  poured  into  water, 
and  water  is  never  poured  into  acids. 

Heat  a  little  strong  acid,  notice  that  the  hailing  point  is  very  much 
higher  than  that  of  water,  and,  that  when  it  boils,  the  acid  is  partly 
decomposed.  Leave  out  in  a  beaker  about,  50  cubic  centimetres  of  strong 
acid  of  which  you  know  the  exact  weight.  Re-weigh  after  two  or  three 
days  have  elapsed.  The  acid  will  now  weigh  much  more  as  it  has  absorbed 
moisture  from  the  air.     For  this  reasou  it  is  used  for  drying  purposes. 

Note  that  a  slip  of  wood  plunged  into  it  chars  at  once,  because  the  acid 
takes  away  the  water  from  the  wood,  and  leaves  the  carbon.  AVrite  with  a 
piece  of  wood  on  filter  paper,  using  weak  acid  instead  of  ink.  Dry  the 
paper  over  the  flame,  and  notice  again  how  the  writing  chars. 

Sulphuric  acid  destroys  organic  matter  by  abstracting  from  it  the  elements 
of  water. 

3.  Sulphuric  acid  reacts  with  many  metals  and  bases  forming  salts 
called  sulphates. 

Into  a  little  dilute  acid  in  a  test-tube  put  a  piece  of  zinc,  and  note  that 
hydrogen  gas  is  given  off.  "When  the  metal  has  entirely  dissolved,  add 
water,  and  evaporate  down  slowly.  The  whitish  residue  left  is  sulphate 
of  zinc. 

Eepeat  the  experiment  with  magnesium  and  iron,  and  obtain  in  the 
same  way  the  sulphates  of  these  metals. 

Note  that  with  these  metals  hydrogen  is  given  off,  and  sulphates  of  the  metal 
formed.  Now  try  the-  same  experiment  with  mercury  and  copper.  This 
time  we  do  not  get  hydrogen,  but  sulphur  dioxide  and  sulphate  of  the  metal. 

The  reactions  are — 

Zn  +  HoSOj^ZnSO^-FHo 
Hg  -f  2H2SO4  =  HgS04  4-  SOo  +  2H„0. 

Sulphuric  acid  acts  in  the  same  way  on  the  oxides  and  hydrates  of  the 
metals   forming  sulphates   and   water.      Try  its  action  on  the  following : 
caustic    potash,    quicklime,    copper   oxide,   ammonium  hydrate.       Obtain 
the  sulphate  in  each  case  by  evaporation,  and  write  out  reactions  thus — 
CaO  +  H2S04=CaS04-f  HoO. 

Many  of  the  sulphates  are  found  in  the  earth's  crust.  We 
have  seen  that  calcium  sulphate,  or  gypsum,  is  the  cause  of  the 
permanent  hardness  of  water.  The  same  substance  occurs  as 
alabaster,  the  well-known  ornamental  building  stone,  also  as 
selenite, 
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Barium  sulphate,  or  heavy  spar,  is  another  common  sulphate. 
The  sulphates  of  aluminium,  magnesium,  and  copper  are  likewise 
found  in  the  earth. 

When  sulphides  such  as  iron  pyrites  are  exposed  for  any 
length  of  time  to  the  oxidising  action  of  moist  air,  they  are  slowly 
converted  into  sulphates. 

The  sulylmtes  are  on  the  wJiole  soluble  salts ;  barium  and 
lead  sulphates  are,  however,  insoluble. 

It  has  been  found  that,  in  the  case  of  some  metals 
such  as  potassium  and  sodium,  there  are  txvo  distinct  kinds  of 
sulphates,  one  containing  hydrogen,  and  the  other  containing 
metal  and  acid  only.  We  know  that  the  composition  of  sul- 
phuric acid  is  represented  by  the  formula  H2SO4,  therefore  the 
formula  of  the  two  potassium  sulphates  must  be  KHSO^  and 
K2SO,. 

As  a  matter  of  fact,  Ave  are  actually  enabled  to  demonstrate 
this  point  experimentally  and  replace  the  hydrogen  in  an  acid 
bit  by  bit,  or  rather  atom  by  atom,  putting  an  atom  of  metal 
in  the  place  of  each  atom  of  hydrogen.  The  basicity  of  an 
acid  depends  on  the  amount  of  replaceable  hydrogen  Avhich  the 
acid  contains.  For  this  reason  HgSO^  is  said  to  be  dibasic,  that 
is,  it  contains  two  atoms  of  replaceable  hydrogen.  It  will  be 
remembered  that  H2CO3,  carbonic  acid,  is  also  dibasic.  Of 
monobasic  acids  nitric  acid,  HNO3,  and  hydrochloric  acid, 
HCl,  may  be  taken  as  types,  while  ortho-phosphoric  acid,  H^PO^, 
may  serve  as  an  example  of  a  tribasic  acid  with  three  re- 
placeable atoms  of  hydrogen.  Acids  are  sometimes  defined  as 
"compounds  of  hydrogen  with  some  acid  radicle." 
This  latter  may  be  either  an  element,  as  in  such  acids  as  HoS, 
HCl,  HEr,  or  it  may  consist  of  a  group  of  atoms  such  as  SO4,  in 
sulphuric  acid,  and  i^Og,  in  nitric  acid. 

The  acid  radicle,  such  as  SO4,  is  that  part  of  the  acid  Avliich 
is  C07istant  or  unchanged  in  the  action  of  the  acid  on  various 
metals  and  bases.  The  hydrogen  is  the  removeahle  part,  and  for 
it  we  may  substitute,  botli  theoretically  and  practically,  almost 
any  metal. 

Thus,  starting  with  IIoSO^  and  continually  substituting  some 
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metal    for    the    hydrogen,    we    get    a    series    of    sulphates,     for 
instance — ■ 

H3'drogen  sulpliate,  H^S04. 

Potassium  hydrogen  sulpliate,  KHSO4. 

Normal  potassium  sulphate,      K2SO4. 

Calcium  sulphate,  CaSOj. 

Ferric  sulphate,  Fe^(S04)-. 

The  sulphates  which  are  mostly  soluble  salts  are  distinguished 
by  the  following  tests  : — 

(1)  With  barium  chloride  they  give  a  loTtite  precipitate  in- 

soluble in  hydrochloric  acid. 

(2)  ^Yith  lead  nitrate  they  give  a  wliite  precipitate,  sohdde 

in  caustic  soda. 

Phosphorus  axd  its  More  Common  Compounds. 

Phosphorus,  like  carbon,  hydrogen,  oxygen,  nitrogen,  and 
sulphur,  is  one  of  the  constituents  of  both  animal  and  vegetable 
matter,  and  is  therefore  one  of  the  widely  distributed  elements, 
Uidike  the  above  elements,  however,  it  is  not  found  free, 
owing  to  the  fact  that  it  oxidises  very  easily. 

Animals  obtain  their  phosphorus  from  plants,  and  plants 
obtain  it  from  the  soil  in  the  form  of  phosphates.  Phosphorus 
is  used  by  animals  for  the  formation  of  bones  which  consist 
chiefly  oi  phosphate  of  calcium,  Ga,.J[VO^.^.  It  is  from  bones  that 
we  obtain  the  element  phosphorus,  by  a  somewhat  lengthy  process, 
which  cannot  well  be  carried  out  in  the  laboratory.  It  consists 
mainly  in  treating  hone  ash  icith  sulp)huric  acid  and  thus  getting 
rid  of  some  of  the  calcium  in  the  form  of  calcium  sulphate. 
When  this  has  been  subtracted,  the  remaining  solution  is  evapor- 
ated down,  and  raised  to  a  high  temperature  together  with 
powdered  charcoal.  Phosphorus  distils  over  and  is  collected 
under  water.  It  is  in  appearance  a  yellow  waxy  substance,  ichich 
must  be  kept  in  wcder,  as  it  oxidises  easily  in  the  air. 

Experiments. — 1.  Cut  off  some  pieces  of  yellow  phosphorus,  under 
water  ;  expose  one  of  these  pieces  to  the  air  and  notice  the  ivhite fames  of 
oxide  of  phosphorus  which  at  once  come  off.  In  the  dark  these  fumes  arc 
luminous,  and  phosphorus,  wlien  oxidising,  gives  out  a  phosphorescent 
light  of  a  pale  greenish-yellow  colour.     If  the  pliosphorus  be  touched  witli 
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a  warm  glass,  or  copper  rod,  it  will  at  once  burst  into  flames  giving  ofY  dense 
fumes  of  pliospliorus  pentoxide,  P20g. 

2.  Place  one  of  the  pieces  of  phosphorus  in  a  deflagrating  spoon,  light 
it,  and  burn  it  in  a  gas  jar  of  air.  Shake  up  the  xvhite  fumes  of  P20g  with 
water,  and  note  that  Vaey  dissolve,  forming  phosj^horic  acic?  (test  with  litmus). 

3.  Dissolve  one  of  the  fragments  of  jjhosi^horus  in  a  little  carbon  disul- 
phide  and  place  on  a  watch-glass.  As  the  CS2  evaporates,  the  phosphorus 
will  catch  fire  spontaneously.     Phosphorus  dissolves  also  in  ether. 

4.  If  one  or  two  pieces  of  yellow  phosphorus  be  heated  in  a  vessel 
containing  nothing  but  carbon  dioxide,  or  nitrogen,  a  gradual  change  in 
appearance  will  be  noted  until  finally  nothing  is  left  but  a  red  powder. 
This  is  known  as  amorphous  or  red  phosphorus,  and  is  an  ailotropic  form 
of  that  element. 

5.  Examine  the  red  phosphorus,  and  note  that  ii  does  not  oxidise  and 
give  off  fumes  easily  as  does  the  yellow  :  for  this  reason  it  need  not  be  kept 
under  water.     Note  that  it  is  not  lutninous  in  the  dark. 

It  can  be  reconverted  into  the  yellow  waxy  variety  l>y  heating  it  in  a 
hard  glass  tube  away  from  the  air. 

Yellow  phosphorus,  which  is  used  for  ordinary  wax  matches,  is  extremely 
poisonous,  but  the  red  variety,  which  is  put  on  the  boxes  of  the  "Safety 
matches,"  is  not  so. 

Oxides  of  Phosphorus. — There  are  hvo  oxides  of  phos- 
phorus ;  the  lower  one  is  called  phosphorous  anhydride,  and 
has  composition  P40g.  It  is  formed  when  phosphorus  oxidises 
slowly  in  a  limited  supply  of  air.  It  is  a  white  solid  which  dis- 
solves in  water,  forming  phosphorous  acid,  HjPO^.  This  acid 
comhines  Avith  metallic  bases,  forming  salts  called  phosphites. 

{Note. — Compare  sulphur  dioxide,  SOg  (sulphurous  anhydride), 
which  forms  H.^SOo,  sulj^hurous  acid,  and  in  turn  gives  rise  to 
salts  called  sulphites). 

Phosphorus  pentoxide,  or  phosphoric  anhydride,  has  the 
composition  P2O5.  As  already  noted,  it  is  a  white  finely  divided 
solid  which  is  formed  when  phosphorus  oxidises  in  a  good  supply  of 
air  or  in  oxygen.  It  combines  eagerly  with  water  to  form  phos- 
phoric acid.  Its  affinity  for  water  is  so  great  that  it  is  used  as  a 
dehydrating"  agent.  There  are  three  phosphoric  acids  which 
differ  from  each  other  by  the  amount  of  loater  they  contain,  thus — 

Ortho -phosphoric  acid,  H3PO4,  is  formed  from  P^Og-l-SHoO. 
Pyro-pliosphoric  acid,  H4P0O7,  is  formed  from  P„05  +  2HoO. 
Meta-phosphoric  acid,  HFO3,  is  formed  from  P^Og  +  HoO. 
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All  of  them  form  salts  called  phosphates.  Ortho-phosphoric 
acid,  being  tribasic,  forms  three  classes  of  salts  with  metals  of  the 
alkalies,  such  as  potassium  and  sodium,  thus — 

H3PO4,  Tri-hydrogen  phosphate. 

NaHoP04,  Sodium  di-]iydrogen  j^hosjihate. 

NboHPOj,  Di-sodiuin  liydrogen  pliosphate. 

ISTaoPOj,  Tri-sodiuni  pliosphate. 

Experiments. — "Warm  gently  in  a  test-tiibe  some  small  pieces  of  plios- 
pliorns  and  some  dilute  nitric  acid.  The  phosphorus  gradually  disajjpears, 
being  oxidised  by  the  nitric  acid,  thus — 

3P  +  5HNO3  +  2H2O  =  3H3PO4  +  5N0 

Phosphorus  and  Nitric  acid  and  Water  yield  Phosphoric  acid  and 
Nitrogen  dioxide. 

The  liquid  left  may  be  partially  evaporated  down,  and  will  be  ortho- 
phosphoric  acid,  as  may  be  proved  by  adding  to  it — 

{a)  Silver  nitrate,  which  will  give  a  yellow  precipitate  of  silver  ortho- 
lihosi)ha'c. 

(b)  Ammonium  molybdate,  which  will,  when  a  little  nitric  acid  is  added, 
give  a  yellow  precipitate. 

If  the  ortho-phosphoric  acid  be  heated,  until  much  water  is  driven  off, 
it  will  eventually  become  a  transparent ,  colourless,  solid  mass.  This  is 
glacial  or  metaphosphoric  acid. 

(«)  Silver  nitrate  gives  a  white  precipitate  Avith  metaphosphates. 

{}))  Albumen  is  coagulated  by  metaphosphates. 

Thus  it  is  easy  to  distinguish  between  ortho-  and  meta-  phosphates. 

Phosphoeetted  Hydrogen,  PH3. 

Just  as  sulphur  and  hydrogen  combine  to  form  H^S,  so  does 
phosphorus  unite  with  hydrogen  to  form  phosphine,  PH3. 

It  is  prepared  by  warming  together  caustic  potash  solution 
and  small  pieces  of  yellow  phosphorus  in  a  flask  or  retort,  from 
which  all  air  has  been  displaced  by  coal-gas. 

The  experiment  had  better  not  be  done  by  any  but  advanced 
students,  as,  when  the  phosphoretted  hydrogen  comes  off,  it  is 
often  mixed  with  small  quantities  of  another  hydride,  PH.,, 
which  renders  the  mixture  of  gases  spontaneously  inflammable  in 
air,  and  consequently  liable  to  explode.  Phosphoretted  hydrogen 
is  an  invisible  gas  with  a  clisagreeahle  smell  of  bad  fish  :  it  hums, 
forming  P0O5  and  Avater.  It  is  not  of  use  or  importance,  as  HoS 
is,  in  the  laboratory. 
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Compounds  op  Nitrogen  with  Hydrogen  and  Oxygen. 

Ammonia,  NHo,  is  one  of  the  most  important  of  the  few 
compounds  tliat  nitrogen  forms  with  other  elements.  Althougli  it 
can  be  prepared  syntlietically  by  the  direct  union  of  nitrogen  and 
hydrogen,  wlien  the  gases  are  subjected  to  a  silent  electric  dis- 
charge, the  actual  source  of  ammonia  and  all  its  compounds  is 
coal,  or  rather  the  '' ammoniacal  liquor"  which  distils  out  from 
coal.  This  liquor,  when  heated  with  lime,  gives  olf  ammonia  gas, 
which  is  converted  either  into  chloride  or  sulphate  of  ammonium 
by  the  addition  of  hydrochloric  or  sulphuric  acid,  and  is  sold  in 
the  form  of  one  of  these  salts. 

Ammonia  gas  is  best  prepared  experimentally  as  follows  : — 

1.  Heat  together,  in  a  dry  tube,  quicklime  and  sal-ammouiac  (chloride  of 
ammonium) :  NH3  gas  comes  off,  and  may  be  collected  either  by  upward 
displacement  or  over  mercury  ;  the  reaction  is — 

CaO  +  •2NH4C1  =  2NH3  +  CaCL  +  H„0 
Lime  and  Sal-ammoniac  give  Ammonia,  Calcium  chloride,  and  Water. 

2.  Any  aimnonium  comjwund,  tuhen  heated  with  a  caustic  alkali,  gives 
off  ammonia  gas.  Thus,  if  instead  of  lime  in  the  last  experiment  we  used 
caustic  soda  or  caustic  jiotasli,  we  get  a  similar  reaction — 

KHO  +  NH^Cl  =  NHs  +  KCl  +  HoO 
Caustic)  +  Sal-ammoniac    yield    Ammonia    gas -h Potassium   chloride + 
potash   )  Water. 

3.  If  quantities  of  ammonia  gas  be  required  in  the  laboratory  for  any 
particular  juuqiose,  the  simpler  way  of  obtaining  it  is  to  warm  gently  some 
strong  ammonium  hydrate,  thus — 

Nn4H0  =  NH.  +  IL0. 

In  order  to  study  the  properties  of  ammonia,  prepare  by  any, 
or  all,  of  the  above  methods  some  jars  of  ammonia  gas  and  perform 
the  following  experiments  : — 

1.  The  gas  is  lighter  than  air,  and  can  be  poured  or  collected  up-svards. 
It  affords  a  convenient  illustration  of  diffusion,  for  if  one  of  the  jars  of  NH3 
be  inverted  over  a  similar  jar  full  of  air,  in  spite  of  the  fact  that  the  NH3 
is  the  lighter  gas,  enough  of  it  will  dilfuse  downwards  to  make  a  piece  of 
moistened  red  litmus  paper  blue. 

2.  It  is  strongly  alkaline.  Red  litmus  at  once  becomes  blue  in  the  gas, 
or  its  solution  in  water.  It  turns  yellow  turmeric X'O'P&r  brouniish-red.  If  a 
rod  dipped  in  hydrochloric  acid  be  held  in  the  gas,  dense  white  fumes  of 
ammoni^om  chloride  are  formed. 
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These  arc  three  characteristic  tests  for  ammonia  gas. 

3.  It  is  extremely  soluble  in  water,  for,  if  cue  of  the  jars  of  pure  dry 
ammonia  be  placed  in  a  basin  of  water,  the  water  will  quickly  rise  to  the  top 
of  the  jar.  As  a  matter  of  fact  water  will  absorb  1150  times  its  own  volume 
of  ammonia,  the  resulting  product  being  known  as  NH4HO,  or  ammonium 
hydrate.     This  liquid  is  lighter  than  water,  having  a  density  of  '880. 

4.  Notice  that  the  gas  is  colourless,  that  it  has  a  drone/  and  cJiaracteristic 
smell,  and  a  caustic  taste.  It  ivlll  Muii,  as  long  as  a  flame  is  in  contact  with 
it,  and  a  supply  of  oxygen  is  given  to  it.     It  will  not  supjwrt  combustion. 

5.  At  a  red  heat  it  is  decomposed  into  three  volumes  of  hydrogen  and  one 
volume  of  nitrogen.  Electric  sparks  also  decompose  it  into  its  constituents, 
and  chlorine  gas  decomposes  it,  combining  Avith  the  hydrogen  and  setting 
free  the  nitrogen. 

Alkalies  and  Bases. 

Ammonium  hydrate,  obtained  Ly  the  sohition  of  ammonia  gas 
in  water,  strongly  resembles  the  true  alkalies,  caustic  SOda  and 
caustic  potash.  These  bodies,  which  are  termed  alkalies,  arc 
hydrates  or  hydroxides  of  the  metals  potassium  and  sodium. 
They  may  be  regarded  as  water,  in  Avhich  one  atom  of  hydrogen  has 
been  replaced  by  metal,  thus — HHO  ;  KHO  ;  NaHO  ;  and  in  the 
case  of  ammonia  the  atom  of  hydrogen  is  replaced  by  the  compound 
radicle  NH4,  forming  NH^HO.  There  are  others  of  this  class  ; 
for  example,  slaked  lime  Ca(0H)2,  or  calcium  hydrate,  is  derived 
from  two  molecules  of  water  in  which  the  calcium  replaces  two  of 
the  hydrogen  atoms.  All  metallic  hydrates  are  termed  bases, 
but  the  alkalies  possess  basic  xiroperties  in  a  more  marked  degree 
than  the  others. 

Experiments. — 1.  Take  solutions  of  ammonium  hydrate,  caustic  soda, 
caustic  potash,  and  calcium  hydrate. 

Tc.>t  each  with  reddened  litmus 2KqKr,  they  will  all  turn  it  blue. 
All  these  solutions  have  a  soapy  feel  and  taste. 

2.  Neuti'alise  each  of  the  solutions  with  nitric  and  hydrochloric  acids, 
and,  when  the  resulting  mixture  aff"ects  neither  kind  of  litmus,  evaporate 
down,  and  obtain  the  salt  formed  ;   write  out  reactions  thus — 
KH0  +  HC1  =  KC1  +  H20 
Caustic  potash  +  Hydrochloric  acid  give  Potassium  chloride  and  Water. 

Note  that  in  each  case  the  alkali  neutralises  the  acid,  and  the  result  is 
the  formation  of  a  salt  ami  water. 
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3.  Show  that  a  similar  result  is  obtained  by  using  other  bases,  such  as 
the  hydrates  of  aluminium,  magnesium,  and  calcium  ;  note  that  in  each 
case  the  metal  replaces  the  hydrogen  in  the  acid,  a  salt  Is  formed,  and  that 
water  is  the  other  product  of  the  experiment. 

4.  Modify  experiment  2.  above,  smd  ascertain  the  quantities  of  each  (f  the 
alkalies,  soda,  potash,  and  ammonia,  which  will  neutralise  equal  quantities 
of  the  two  named  acids.     This  may  be  done  as  follows  : — 

Dissolve  5  grams  of  caustic  potash  in  250  cubic  centimetres  of  water. 
Put  50  cubic  centimetres  of  this  solution  into  a  beaker,  and  allow  hydro- 
chloric acid  (mixed  also  in  above  proportion)  to  drop  into  it  from  a  burette 
till  the  solution  is  exactly  neutral. 

Repeat  this  some  three  times,  and  take  the  mean  as  the  true  amount. 

Having  found  out  the  amount  of  hydrochloric  acid  which  neutralises 
caustic  potash,  ascertain  the  quantities  of  the  other  two  alkalies  required 
to  neutralise  the  same  amount  of  hydrochloric  acid.  They  will  be  in  the 
same  ratio  as  their  molecular  weights. 

Then  find  out  the  amounts  for  equal  quantities  of  nitric  acid. 


Nomenclature  op  Salts. 

Seeing  tliat  salts  are  compounds  of  acids  and  bases,  a 

system  of  naming  acids  and  salts  was  devised,  wliich  would  show 
the  relationship  existing  between  them. 

Tims  if  the  acid  ended  in  the  suffix  -OUS,  the  salt  would  have 
the  suffix  -ite.  If  the  acid  ended  in  -ic,  the  corresponding  salt 
would  have  the  termination  -ate.  Examples :  nitrous  acid  forms 
nitrites,  hut  nitric  acid  forms  nitrates. 

Unfortunately,  this  simple  system  is  complicated  by  the 
prevalence  of  older  and  misleading  names :  for  acids  such 
as  hydrochloric  acid  and  hydrosulphur^■c  form  chlovides  and 
sulphwies. 

If  the  following  table,  which  gives  the  acids  (and  salts)  of 
nitrogen,  chlorine,  and  phosphorus,  be  carefully  studied,  the  system 
of  nomenclature  will  be  understood  more  readily: — 


A 

X'lD. 

Salts. 

HCl 

hydro-chloric 

chlorides. 

HCIO 

hyjJO-chloTous 

hyiw-chloiites. 

HClOo 

chlorous 

chlorites. 

HCIO, 

chloric 

chlorates. 

HCIO4 

jjer'chloric 

2Kr-ch\orates. 

NOMENCLATURE  OF  SALTS 


Acid. 

Salts. 

HNO 

hypo-nitvous 

hypo-mtvites. 

HNO., 

mtrons 

nitrites. 

HNO3 

nitric 

mtiutes. 

H3PO, 

7i  ;/j)o-p]iospli  oro  i(6' 

Jiypo-Y)hosi>hik's 

H3PO3 

phosphoro!(S 

})liosphifos. 

H3PO, 

phosphoi'i'c 

phosphates. 

From  this  it  will  be  seen,  that  the  addition  of  one  atom  of 
oxygen,  in  each  case,  constitutes  tlie  main  difference  in  the  acids 
and  their  salts. 

The  lowest  acid  is  distinguished  by  prefix  hypo  and  suffix 
-OUS,  the  next  acid  by  the  suffix  -OUS  only,  the  next  by  suffix 
-ic,  and  the  highest  by  the  prefix  per-  and  the  suffix  -ic. 

Hydrogen  nitrate,  nitric  acid,  HNO3,  is  the  other 
important  compound  Avliich  nitrogen  makes  with  oxygen  and 
hydrogen.  Under  the  name  aqua  fortis  it  has  been  known  com- 
mercially for  a  long  time. 

It  is  now  used  in  large  quantities  for  the  manufacture  of  high 
explosives,  such  as  gun-cotton,  dynamite,  nitro-glycerine,  and 
picric  acid.  The  large  percentage  of  oxygen  it  contains,  and  the 
ease  with  which  it  gives  this  uj),  renders  it  peculiarly  suitable  for 
the  purpose. 

Experiments. — 1.  Prepare  some  nitric  acid  by  distilling  in  a  retort  a 
mixture  of  saltpetie  and  strong  sulphuric  acid.  The  gas  which  comes  over 
will  condense  into  a  j^ellowish  liquid  in  the  receiver  ;  the  reaction  is — 

H2SO4  +  KNO3  =:  KHSO4  +  HNO3 

Sulphuric  acid        "i  f  Potassium    ^      and 


and  r  give  -l    Hydrogen     V  Nitric 

Potassium  nitrate  J  I   Sulphate      J      acid. 

Any  other  nitrate  will  do  just  as  well.  Try  smaller  quantities  of  sodium 
nitrate,  strontium,  lead,  or  barium  nitrates  ;  all  of  them  salts  commonly 
found  in  laboratories. 

2.   Apply  the  following  tests  to  the  nitric  acid  you  have  prepared. 

Add  some  of  it  to  indigo  solution  and  note  the  bleaching  action. 

Observe  that  it  is  strongly  acid  to  litmus. 

Into  separate  test-tubes  put  small  quantities  of  metallic  lead,  copper, 
and  bismuth.  Warm  each  with  a  little. of  your  nitric  acid.  The  metals 
dissolve,  nitrates  are  formed,  and  the  characteristic  Iirown  fumes  of  nitrogen 
peroxide  are  evolved. 
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The  action  is — 

3Cu  +  8HN03=  3Cu(X03)o  +  4H„0  -l- 2X0 

Copper  and  Nitric)       .        fCoinier  ,    Water~i  Xitric 

.  ^  -    give    -     .  ^  ^        and  ^     y 

acid  J  uutrate  and    /  oxide. 

Nitric  oxide  is  reall}^  a  colourless  gas,  but,  directly  it  gets  into  the  air, 
it  combines  -with  oxygen,  forming  Ijrown  fumes  of  NOo.  Prepare  these 
nitrates  (and  others),  by  evaporating  down  slowly  the  liquid  left  when  the 
metal  has  entirely  disappeared,  and  the  action  ceased. 

Write  out  equations,  as  above,  in  each  case,  and  calculate  the  amount  of 
acid  required  to  dissolve  25  grams  of  each  of  the  metals. 

Note  that  hydrogen  is  never  one  of  the  linal  products  of  the  action  of 
nitric  acid  on  a  metal. 

3.  Warm  together  in  a  test-tube  some  nitric  acid  and  scraps  of  tin. 
Observe  that  tin  oxide,  a  white  powder,  is  formed,  and  nitrogen  peroxide  is 
evolved.  This  experiment  and  the  following  ones  show  the  strong  oxidising 
2)roperties  of  nitric  acid. 

Treat  in  the  same  Avay  small  pieces  of  sulphur,  and  in  anotlier  test-tube 
fragments  of  plios[ihorus.  Both  elements  are  oxidised,  and  sulphuric  and 
phosphoric  acids  produced.     (Test  for  each  in  the  liquids  left.) 

The  way  to  test  for  nitric  acid  and  the  nitrates  is  as  follows  : — 

Add  to  a  little  nitric  acid  (or  solid  nitrate  of  any  kind)  a  few  drops  of 
strong  sulphuric  acid,  cool  the  mixture,  and  pour  on  it  a  solution  of 
ferrous  sulphate  (nsade  by  dissolving  FeS04  crystals  in  cold  water).  A  black 
ring  will  form  where  the  tAvo  liquids  meet  each  other. 

The  nitrates  are  an  important  class  of  salts.  Tliey  are 
mostly  soluble,  but  a  few,  such  as  the  nitrates  of  bismuth  and 
mercury,  have  a  tendency  to  form  basic  salts  with  water,  and  do 
not  therefore  appear  to  dissolve  readily.  When  heated,  nitrates 
are  decomposed  into  oxides. 

Experiments. — Heat  in  a  crucible  some  blue  copper  nitrate.  Note  that 
it  gives  off  a  brown  gas,  and  is  converted  into  black  oxide  of  copper. 

Repeat  the  experiment,  using  potassium  nitrate  instead.  After  it  has 
fused,  and  turned  into  a  white  mass,  apply  to  it  the  test  given  above  for 
nitrates,  and  see  that  it  will  no  longer  answer  to  this  test. 

Nitrates  are  strong  oxidising  agents,  and  for  this  reason 
potassium  nitrate,  KNOg,  is  used  for  making  gunpowder,  Avhicli 
consists  of  75  per  cent,  nitre,  10  per  cent.  suljDhur,  and  15  per 
cent,  charcoal. 

Nitrous  acid,  HNO2,  is  made  by  the  solution  of  N.^Oo  gas 
in  water.     It  forms  salts  called  nitrites. 
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Potu.s.sium  nitrite  is  formed  wlieii  ])(»tassiinii  nitrate  is  gently 
heateil.     Otlier  nitrites  may  be  similarly  prepared. 

Otiiek  Compounds  of  Nitrogen. 
There  are  five  oxides  of  nitrogen ;  they  are — 

1.  Nitrogen  mo7i-oxide,  Ng^'  nitrous  oxide,  laughing-gas,  or 
hypo-nitrous  anhydride. 

It  is  made  by  heating  ammonium  nitrate  thus — 

NH4NO3  =  N.O  +  H2O. 
It  is  used  as  an  anaesthetic  by  dentists. 

2.  Nitrogen  di-oxide,  N^Og,  or  nitric  oxide,  made,  as  men- 
tioned above,  by  action  of  nitric  acid  on  copper. 

3.  Nitrogen  ^?7-oxide,  NgOg,  or  nitrous  anhydride,  which, 
with  water,  gives  nitrous  acid. 

4.  Nitrogen  fetroxide,  N2O4,  peroxide  of  nitrogen,  the 
familiar  broAvn  gas,  formed  when  nitric  acid  acts  on  metals,  and 
the  N2O2  given  off  is  oxidised. 

5.  N^Og,  nitrogen  pentoxide,  or  nitric  anhydride,  Avhich, 
when  dissolved  in  water,  forms  nitric  acid. 

Note  in  the  above  the  Greek  prefixes  mon-,  di-,  etc.,  denotinf 
the  amount  of  oxygen  contained  in  each  oxide.  Note  also  that 
each  oxide  contains  one  more  atom  of  oxygen  than  its  immediate 
predecessor. 

This  series  of  oxides  forms  a  good  illustration  of  the  second  law 
of  chemical  combination,  namely,  that — 

When  an  element  combines  with  another  in  more 
than  one  proportion,  the  higher  proportions  are  in- 
variably multiples  of  the  lowest. 

It  will  be  noted  that  the  amount  of  oxygen  in  a  molecule 
of  the  lowest  oxide  is  one  atom,  or  16  parts  by  weight,  and  that 
the  increase  is  one  atom  (16  parts  by  weight)  in  each  case. 

Chlorine  and  its  Compounds. 

Chlorine,  a  heavy  yelloio  gas  with  an  irritating  smell,  does 
not  itself  occur  free  in  nature,  but  the  chlorides  are  an  important 
body  of  salts  of  wide  occurrence. 
15 
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Common  salt,  or  sodium  chloride,  is  naturally  the  most 
important,  as  being  the  most  widely  diffused.  Hydrogen  chloride, 
which  escapes  in  large  quantities  from  volcanoes,  is  likewise  of 
great  importance  both  commercially  and  in  the  lalxiratory. 

Chlorine  gas  can  be  easily  prepared  from  either  of  the  above 
chlorides. 

Experiments. — Take  a  flask,  put  into  it  a  little  black  oxide  of  man- 
ganese and  some  strong  hydrochloiic  acid,  and  warm  gently.  Chlorine  gas 
comes  off  at  once,  and,  being  heavier  than  air,  may  be  collected  in  gas  }ars 
by  downward  displacement.  Collect  several  jars.  The  reactions  which 
take  place  are — 

4HC1  +  MnOo  =  MnClo  +  CI.  +  2H,0 

Hydrochloric "^  Manganese^     •      (Chloride  of^       i  m  i     •       ,  ^m  j. 
•^  r  ,         ■  g'^'e-  > and  Chlorine  +  Water, 

acid  and     J       oxide      J  v  ManganeseJ 

Chlorine  has  a  grccnish-ycllow  colour ;  a  very  irritating  smell  ;  it  is 
2)oisonous  ;  it  does  not  hum  ;  it  docs  dissolve  in  water. 

Powder  up  some  antimony  into  fine  fragments  and  drop  them  into  the 
gas.  Notice  the  sparks  showing  that  the  antimony  has  burnt  and  formed 
thick  white  fumes  of  aidimony  chloride.  Metals  hum  in  chlorine,  forming 
chlorides. 

Light  a  taper  and  plunge  it  into  a  jar  of  the  gas  ;  it  will  burn  with  a 
red,  smoky  flame,  because  tlic  chlorine  unites  with  the  hydrogen  of  the  wax, 
forming  hydrochloric  acid,  and  carbon  is  set  free  because  chlorine  takes  its 
place  in  the  compound.  A  similar  reaction  occurs  with  chlorine  gas  in 
water :  in  a  few  days  hydrochloric  acid  will  be  formed  in  the  solution, 
and  this  can  only  have  been  formed  by  the  combination  of  the  chlorine 
with  the  hydrogen  of  the  water  and  the  consequent  liheration  of  oxygen. 

Chlorine  and  hydrogen  gases,  when  mixed  in  equal  volumes  and 
exposed  to  light,  combine  spontaneously  and  form  hydrochloric  acid  gas. 

Owing  to  the  fact  that  it  unites  eagerly  with  hydrogen,  chlorine  is  an 
oxidising  agent  in  the  jiresence  of  water,  from  which  it  sets  free  oxygen. 
Observe  this  in  the  bleaching  power  of  chlorine.  Place  in  a  jar  of  the  gas 
some  wet  red  blotting  paper  and  some  wet  litmus  paper.  They  are  hleached 
white  hy  oxidation.  Comijare  this  with  bleaching  action  of  sulphur  dioxide, 
which  bleaches  by  reduction,  i.e.  taking  away  oxygen  from  other  bodies. 

For  bleaching  purposes  on  a  large  scale  chlorine  is  used  in  the  shape  of 
"bleaching  powder,"  which  is  a  mixture  of  the  hypochlorite  and  chloride 
of  calcium. 

It  is  easily  made  by  passing  a  stream  of  chlorine  gas  into  a  flask 
containing  slaked  lime. 

To  test  its  bleaching  properties,  dip  some  litmus  paper  into  any  very 
weak  acid  and  then  into  a  solution  of  bleaching  powder.  The  acid  liberates 
the  chlorine,  and  the  litmus  is  at  once  bleached. 
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Hydrogen   chloride,    Hydrochloric    acid,    HCl,    was 

formerly  called  ^^ muriatic  acid,"  or  "■spirit  of  salt."  It  is 
prepared  by  the  action  of  sulphuric  acid  on  common  salt  and 
most  other  chlorides,  thus — 

n,SO^  +  2NaCl  =  Na^SO^  +  2  HCl, 
or  HoSO^  +  TkxCL  =  BaSO^  +  2HC1. 

Experiments. — By  either  of  tlie  above  iiiethocls  prepare  some  HCl 
f^as,  and  as  it  comes  out  of  the  flask  lead  it  into  a  beaker  of  cold  M'ater,  in 
which  it  will  be  fonnd  to  dissolve  easily.  When  the  water  is  saturated 
with  the  gas  it  forms  a  strong  solution  of  hydrochloric  acid  :  in  fact  over 
30  per  cent,  of  the  total  weight  of  the  solution  is  hydrochloric  acid. 

Add  to  some  of  it  silver  nitrate  ;  note  the  white  precipitate  of  silver 
chloride  soluble  in  ammonia.  This  is  the  characteristic  test  for  soluble 
chlorides. 

Put  some  of  the  solution  in  a  test-tube  and  warm  it  with  MnOg :  the 
chlorine  comes  off  at  once.  To  another  portion  in  a  test-tube  add  some 
lead  acetate,  or  nitrate,  solution  :  a  white  precijiitate  of  lead  chloride  is 
formed. 

Put  .some  of  the  solution  into  the  two-tubed  voltameter  (with  carbon 
electrodes),  and  pass  a  current  of  electricity  through  it.  It  splits  up  into 
equal  volumes  of  hydrogen  and  chlorine.  Try  the  action  of  some  of  the 
acid  on  pieces  of  zinc  and  magnesium.  Note  that  hydrogen  is  evolved  and 
chlorides  of  the  metals  formed.  Neutralise  some  with  ammonia,  and  obtain 
the  sal-ammoniac  by  evaporation. 

Mixed  with  nitric  acid  (in  the  proportion  of  4  HCl  to  1  HNO;j)  it  is 
known  as  "aqua  regia,"  and  it  is  used  as  a  solvent  for  the  noble  metals, 
gold,  platinum,  etc. 

Valency  and  Equivalent  Weight. 

The  hydrogen  in  the  molecule  of  hydrochloric  acid  has  been 
experimentally  proved  to  be  indivisible.  The  same  may  be  said 
of  the  chlorine.  It  is,  therefore,  evident  that  one  atom  of 
chlorine  (weighing  35)  combines  with  one  atom  of  liydrogen 
(weighing  1)  to  form  hydrochloric  acid.  In  the  same  way 
every  molecule  of  common  salt  is  made  up  of  one  atom  of 
sodiinn  (Xa  =  23)  and  one  atom  of  chlorine  (CI  =  35),  and  from 
this  it  is  fair  to  argue,  that,  if  sodium  and  hydrogen  combined, 
the  compound  particles  would  l)e  f(U'mod  of  one  atom  of  each. 

Elements  which  (•oui])ine  with  hydrogen  (or  chlorine),   in  the 
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proportion  of  one  atom  to  one  atom,  arc  said  to  be  monovalent 
or  monads. 

Valency,  in  short,  means  tlie  chemical  worth  ^f  an  ele- 
ment, an  atom  of  liydrogen  being  taken  as  tlie  standard.  The  prin- 
cipal monovalent  elements  arc  hydrogen,  chlorine,  bromine,  iodine, 
potassium,  sodium,  ammonium  (compound  radicle  NH^),  silver. 
Each  of  these  unites  with  others  of  the  same  valency  in  the 
proportion  of  one  atom  to  one  atom ;  thus  KCl,  KBr,  jSTH^CI, 
I^aBr,  HI,  HBr,  etc.,  are  the  formulcB  of  several  of  Clie 
compounds. 

Divalent  atoms  unite  with  two  atoms  of  hydrogen  (or 
other  monad  element).  Examples  of  dyad  elements  are  oxygen, 
sulphur  (in  some  of  its  compounds),  calcium,  barium,  copper, 
zinc. 

Examples  of  their  compounds,  H^,0,  H^S,  CaCU,  otc. 

Trivalent  atoms  unite  Avith  three  atoms  of  monad 
elements. 

Examples  of  triads,  nitrogen,  boron,  phosphorus,  arsenic,  etc. 

Examples  of  their  compounds,  NHg,  PCI3,  etc. 

{Note. — It  requires  three  atoms  of  a  divalent  element  to  com- 
bine with  two  atoms  of  a  triad,  e.g.,  As^Og.) 

Tetravalent  atoms  are  tin,  carbon,  and  silicon.  Examples, 
CH^,  SnOg. 

Although  one  atom  of  any  monovalent  element  combines  with 
one  atom  of  hydrogen,  the  actual  weight  of  each  element 
which  is  equivalent  to  one  of  hydrogen  varies.  Thus 
in  HCl  the  weight  of  chlorine  equivalent  to  one  part  of  hydrogen 
is  35  ;  and  in  the  same  way  the  weight  of  silver  (deduced  from 
compound  AgCl)  equivalent  to  one  part  of  H  is  108,  whilst 
sodium  has  an  equivalent  weight  of  23. 

The  equivalent  weight  of  an  element  is,  then,  the 
amount  (by  weight)  of  that  element  which  is  equivalent  to  one 
part  (by  weight)  of  hydrogen. 

Thus  from  the  composition  of  ammonia  gas,  NHy,  it  is  plain 
that  the  equivalent  weight  of  nitrogen  is  y  =  4|. 

Care  must  be  taken  to  distinguish  clearly  between  valency,  and 
equivaleyit,  and  atomic  weights,  thus  :  the  atomic  weight  of  oxygen 
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is  16,  its  ecjuivaleut  Avuiglit  is  8  (deduced  from  H^O  in  wliich 
2  parts  by  weight  of  H  combine  with  16  of  0),  and  it  is  divalent, 
or  worth  2  atoms  of  hydrogen. 

QUESTIONS  AND  EXERCISES. 

1.  How  ranch  carbon  monoxide  and  how  much  carbon  dioxide  can  be 
obtained  from  20  grams  of  oxalic  acid  ?  Compare  the  physical  and 
chemical  properties  of  the  two  gases. 

2.  What  do  you  understand  by  the  law  of  chemical  combination  in 
multiple  proportions  ?     Give  several  examples  of  the  law. 

3.  What  are  the  materials  you  would  require  for  making  chlorine, 
and  what  (|iiantities  must  be  used  in  order  to  obtain  1000  grams  of  this 
gas  ? 

4.  What  weight  of  sulpliur  is  required  theoretically  to  produce  100  tons 
of  sulphuric  acid  ? 

5.  Charcoal,  graphite,  and  diamond  are  said  to  be  allotropic  modillca- 
tions  of  carbon.  Explain  this  statement,  and  give  experimental  proof  of  its 
truth. 

tj.  Carbon  dioxide,  hydrochloric  acid  gas,  sulphuretterl  hydrogen  and 
ammonia  gas  are  passed  for  some  time  through  separate  portions  of  distilled 
water.     Can  they  be  recognised  in  the  water  ;  if  so,  how  ! 

7.  How  many  volumes  of  oxygen  are  required  for  the  complete  condjus- 
tion  of  500  volumes  of  each  of  the  following  gases,  and  how  many  volumes 
of  CO2  will  in  each  case  be  formed — olefiant  gas,  acetylene,  caibou 
monoxide  ? 

8.  By  what  experiments  would  you  distinguish  ordinary  phosphorus 
from  amorphous  idiosphorus,  giaplnte  from  iodine,  chlorine  fiom  ozone, 
carbon  dioxide  from  nitrogen  ? 

9.  How  could  you  prove  that  chlorine  is  a  constituent  of  common  salt 
and  of  hydrochloric  acid  ?  Calculate  the  percentage  composition  of  these 
two  substances. 

10.  300  cubic  centimetres  of  a  solution  of  caustic  jiotash,  containing 
40  grams  KHO  per  litre,  are  required  to  neutralise  100  cubic  centimetres  of 
sulphuric  acid  and  the  same  volume  of  nitric  acid.  Calculate  the  amount 
of  each  acid  in  solution. 

11.  How  could  you  convert  sulphur  dioxide  into  sulpliuric  acid,  and 
sulphuric  acid  into  sulphur  dioxide  ? 

12.  Classify  tlie  following  substances  as  elements  and  compounds : 
chalk,  graphite,  water,  brass,  suljdiur,  iron,  ammonia,  oil  of  vitriol, 
diamond,  ozone,  sjiirit  of  salt. 

13.  Detine  an  acid.  Give  the  general  jiroperlies  of  acids  and  cxidain 
what  is  meant  by  the  "  basicity  "  of  an  acid. 

14.  Explain  the  terms  "oxidising"  and  "  reducing"  agent.      Give  some 
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examples  of  tliu  oxidising  poAVcrs  of  iiitiic  acid  and  the  reducing  powers  of 
carbon. 

15.  Explain  the  meaning  of  the  statement  that  the  atomic  weights  of 
hydrogen,  carbon,  and  oxygen  are  respectively  1,  12.  and  16.  What  are  the 
equivalent  and  molecular  •weights  of  these  elements  ?  Give  reasons  for  your 
answer. 

16.  AVrite  out  fornnihia  for  any  five  nitrates,  .five  sulphates,  five  sulphides, 
and  five  chlorides. 

17.  Write  out  equations  representing  the  action  of  sulphuric  acid  on 
{a)  ferrous  sulphide,  {b)  sodium  nitrate,  (c)  manganese  dioxide,  (rf)  copper, 
(c)  zinc. 

18.  Given  some  ordinary  phosphorus,  how  would  you  prepare  from  it 
(a)  pliosphorus  pentoxide,  [b)  common  sodium  phosphate,  (c)  phosphoretted 
hydrogen  ? 

19.  If  one  gram  of  hydrogen  at  normal  temperature  and  pressure  fills 
11,200  cubic  centimetres,  what  weight  of  iron  must  be  dissolved  in  acid  to 
procure  a  cubic  metre  of  hydrogen  (Fe  =  56)  ? 

20.  The  formula  for  sulphuric  acid  implies  that  the  hydrogen  in  its 
molecule  is  divisible  in  two  :  what  arc  the  reasons  for  asserting  that  the 
hydrogen  really  can  be  divided  ? 

21.  500  cubic  centimetres  of  carbon  dioxide  are  passed  over  incandescent 
charcoal.     What  compound  is  formed,  and  what  volume  of  it  ? 

22.  150  litres  of  ammonia  gas  are  confined  over  mercury,  and  80  litres 
of  hydrochloric  acid  gas  are  then  admitted.  What  will  be  the  resulting 
action,  and  what  will  be  the  composition  and  volume  of  the  remaining  gas  ? 

23.  What  is  the  relation  between  the  molecular  weight  and  the  density 
of  a  gaseous  compound  ?     Give  explanatory  exani}>les. 

24.  What  is  the  equivalent  weight  of  an  element?  Point  out  how 
equivalent  weight  differs  from  atomic  weight.  If  the  atomic  weight  of 
inagnesium  i.s  24,  what  is  its  equivalent  weight,  and  what  its  valency  ? 


CHAPTER   X 

THE    MEANING   OF   ENERGY 

Change  op  State  as  related  to  Time  and  Space  and  the 
Conception  of  Energy 

It  lias  been  stated  already,  that  bodies  displaced  equally  from  the 
surface  of  the  earth  reach  it  again  simultaneously,  if  allowed  to  fall 
freely.  In  the  case  of  the  pendulum,  which  is  now  before  us  for 
consideration,  we  have  a  body  so  suspended  and  constrained,  that 
it  can  only  partially  fall  to  the  earth.  The  free  fall  is  checked 
by  the  shape  and  attachment  of  the  body,  or,  to  use  more  exact 
terms,  by  the  mode  of  constraint  of  the  system,  but  it  is  checked 
in  a  special  way,  and  in  accordance  Avith  certain  definite  laws, 
whicli  are  readily  discovered  by  experiment.  Although  we  may 
not  understand  the  exact  nature  of  the  changes  taking  place 
during  the  oscillation  of  a  pendulum,  certain  aspects  of  those 
changes  may  be  noted,  and  certain  facts  be  demonstrated. 

The  Relation  of  Time  of  Oscillation  to  the 
Length  of  Pendulum. 

Two  licavy  liodies  siisjienilfil  by  coi\1h  or  tliiii  wire  of  diirerciit  len,<;tlis 
may  be  first  used,  to  show  tliat  tlie  slioiter  pendulum  moves  more  rapidly 
than  the  longer  one.  Note  also  that  a  pendulum,  one-half  the  length  of 
another,  makes  four  oscillations  to  each  one  of  the  other.  Also  that  it 
moves  with  sixteen  times  the  rajiidity,  if  it  be  one-quarter  the  length  of  the 
other.  On  making  further  experiments  it  is  always  found  that  the  rate  is 
inversely  as  the  square  of  the  lemjtli.  This  is  a  fact  of  great  imjiortauce  in 
the  behaviour  of  the  pendulum.  Moreover,  it  is  also  important  to  recognise 
that  this  relation  is  always  maintained.  It  is  constant  at  all  times  and  in 
all  jdaces. 
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Eeasons  for  Assuming  the  Swings  of  the  same 
Pendulum  to  occupy  the  same  Time. 

The  primary  condition  of  making  any  measurement  of  time 
is  to  be  able  to  decide,  ichen  two  quantities  of  time  are  equal. 
In  this  the  measurement  of  time  resembles  all  other  measure- 
ments. On  all  occasions  it  is  necessary  to  know,  when  two 
quantities  are  equal,  and  \yithout  that  knowledge  no  measuremejit 
is  possible.  All  measurement  begins  with  a  determination  of  the 
equality  of  two  quantities. 

In  dealing  Avith  time,  however,  a  special  difficulty  is  known  to 
arise.  The  unit  is  not,  as  far  as  Ave  yet  knoAV,  a  fixed  thing.  The 
pendulum  itself  can  be  referred  to,  but  at  present  Ave  are  unable 
to  say  definitely,  that  the  swing  of  the  pendulum  is  constant  in 
value.  It  may  be  asserted  that  it  is  so,  and  Ave  know  that  all  our 
ideas  about  time  take  their  start  from  that  belief,  but  it  is  a 
useful  exercise  to  consider  the  arguments  upon  which  that  belief 
is  based.  If  due  thought  is  given  to  these  remarks,  fcAver 
difficulties  Avill  be  met  in  the  future. 

In  the  first  place,  there  is  great  probability  in  the  statement, 
that  similar  changes  under  the  same  conditions  Avill  ahvays  occupy 
the  same  time.  This  is  part  of  a  general  belief  that  liJie  caiises 
produce  like  effects,  in  fact,  a  part  of  the  conception  of  the  uni- 
formity of  nature. 

Experiments.  — Arrange  two  penduluins,  one  twice  the  length  of  the 
other,  measuring  from  the  point  of  suspension  to  the  centre  of  the  "bob." 
Tills  may  be  a  piece  of  metal,  Aveighing  2  or  3  ounces.  Fine  Avire  or  cord 
may  he  used  for  suspension.  They  are  to  be  placed  one  behind  the  other, 
so  that  the  relative  number  of  oscillations  taking  place  in  the  same  interval 
of  time  may  be  readily  ascertained.  A  little  practice  will  be  needed. 
Start  both  swinging  at  the  same  instant.  The  shorter  pendulum  Avill  swing 
four  times  to  each  swing  of  the  longer  one. 

Observe  that  the  same  relation  is  maintained  on  all  occasions  by  the  same 
l)endulums.  Observe  also  that  the  same  kind  of  relation  exists  between  any 
two  pendulums.  Take,  for  example,  pendulums  of  lengths  as  2  to  3.  The 
shorter  will  oscillate  nine  times  to  the  other  four.  Two  observers  will  be 
needed  here,  unless  an  indirect  mode  of  ol)servation  be  employed.  The 
sinqilest  indirect  mode  depends  upon  paying  attention  to  successi\"e  transits 
of  one   pendulum   over   the   other   at   the   centre.     It   is  clear   that   both 


RELATION  OF  TIME  OF  OSCILLATION        233 

(H'uJulums  will  be  together  at  their  position  of  rest  every  now  and  again. 
IJetween  any  two  of  these  instants  wlien  they  coincide,  one  pendulum  Mill 
have  performed  a  certain  number  of  oscillations,  and  the  other  will  have 
performed  another  number  of  oscillations,  which  differs  from  the  former  by 
one.  Xow  these  two  numbers  will  be  performed  in  the  same  space  of  time. 
The  object,  therefore,  is  to  count  one  set  of  oscillations  between  two 
transits,  and  the  other  set  will  be  more  or  less  numerous  by  one.  If  six 
oscillations  take  place  in  the  period  between  two  transits  in  the  case  of  the 
more  rapidly  moving  pendulum,  the  slower  one  will  execute  five. 

Observe  that  two  pendulums  of  the  same  length  keep  the  same  period, 
though  their  "bobs  "  may  be  of  different  weights.  Care  must  be  taken  that 
the  centre  of  the  "bob  "in  each  case  is  measured  from.  Observe  that  ratios 
are  also  maintained  in  the  case  of  unequal  lengths,  however  much  the 
weights  are  varied. 

The  prominent  fact,  -which  the  observations  bring  to  light,  is 
the  preservation  of  ratios  as  regards  time.  There  is  no  doubt,  that 
171  a  given  pendulum  we  have  something  which  exhibits  constancy 
in  its  relation  to  time. 

Greater  accuracy  in  these  experiments  may  be  obtained,  by  employing 
more  careful  means  of  suspension  and  thereby  diminishing  friction.  A 
knife-edge,  to  which  a  thin  wire  is  fixed  for  supporting  the  "bob,"  and  two 
flat  steel  plates  on  a  bracket,  to  support  the  knife-edge  and  allow  the  wire 
to  hang  between,  bring  about  a  considerable  reduction  of  friction.  It  will 
be  possible  to  show  with  these  means,  that  the  period  of  oscillation  of  a 
pendulum  is  strictly  the  same,  only  when  the  amplitude  of  vibration  is 
nearly  the  same.  It  is  only  swings  of  about  efjual  amplitude  that  are 
absolutely  isochronous. 

By  a  frequent  reference  to  pendulums  of  various  lengths,  it  is 
discovered  that  relative  rates  of  oscillation  are  always  maintained. 
This  fact  alone  is  sufficient  foundation  for  the  belief,  that  the  rate 
of  oscillation  of  any  given  pendulum  is  a  constant  value,  or,  in 
other  words,  that  the  time  taken  l)y  successive  oscillations  is  the 
same.  The  proof  is  extended  in  force,  when  we  find  that  the 
constancy  is  borne  out  in  comparison  with  any  other  events,  for 
which  equal  values  in  point  of  time  may  be  surmised,  for 
example,  Avhen  any  given  number  of  oscillations  are  found  to 
yield  the  same  value  as  measured  by  the  water-clock.  It  would 
be  strange  if  all  these  varied  observations  Avere  misleading. 
Similar  values  under  the  same  circumstances  may  be  anticipated. 
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but  constanry  of  ratio  under  varied  circumstances  points  very 
clearly  to  the  successive  values  in  each  case  being  alike. 

It  is  well  to  give  emphasis  at  this  stage  to  the  fact,  that 
ivatches  and  clocks  are  of  no  value  in  these  observations.  In  every 
argument  which  they  are  brought  forward  to  illustrate,  you  may 
be  sure  that  the  question  is  begged.  Their  mechanism  and  their 
employment  involve  the  truth  of  that  which  we  are  attempting  to 
prove.  We  cannot  prove  that  a  pendulum  oscillates  in  ec[ual 
periods,  nor  that  the  earth  rotates  in  equal  periods,  by  iising  any 
kind  of  chronometer,  because  all  chronometers  are  constructed, 
upon  the  assumjition  that  these  two  facts  are  true. 

The  use  of  the  pendulum  for  the  purpose  of  measuring  time 
was  first  proposed  by  Galileo,  about  the  middle  of  the  seventeenth 
century  (1641),  and,  somewhat  later,  it  was  independently  em- 
ployed by  Huyghens. 

But  the  considerations,  which  arise  from  these  observations  of 
the  beat  of  a  pendulum,  bear  mainly  upon  the  means  of  measuring 
time.  There  are  further  items  of  knowledge,  to  be  gained  by 
attending  to  certain  other  features  of  this  important  change. 
We  find,  for  example,  that  the  observation  of  the  state  of 
the  pendulum,  as  regards  speed  at  different  points  of  its  path, 
is  a  necessar}^  part  of  our  introduction  to  the  conception  of 
energy. 

In  a  long  pendulum  it  is  easy  to  see  directly,  by  watching 
the  lowest  part,  that  movement  is  most  rapid  when  the  pen- 
dulum as  a  whole  is  vertical.  It  is,  of  course,  at  a  minimum,  at 
the  moment  the  pendulum  reaches  its  highest  point  on  either 
side.  There  is  a  gradual  acceleration  during  the  constrained  fall 
of  the  body  on  each  occasion,  and  during  its  ascent  there  is  a 
negative  acceleration.  In  this  respect,  the  swing  of  the  pendulum 
resembles  a  combination  of  two  events,  that  which  occurs  when  a 
body  falls  freely  to  the  earth,  together  with  the  event  of  its  being 
forcibly  projected  upwards.  It  may  be  said  that  the  pendulum  is 
so  fixed  and  constrained,  that  the  fall  brings  about  the  ascent. 
But  this  is  not  an  account  likely  to  give  satisfaction.  It  is 
comparable  in  several  respects  with  the  fall  and  rebound  of  an 
elastic  body  from  an  elastic  surface.     If  grinding  and  rubbing  at 
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the  i)oint  of  suspension  could  be  entirely  obviated,  the  to-and- 
fro  movement  would  go  on  without  ceasing,  just  as  certainly  as 
the  movement  of  the  earth  round  the  sun  is  perpetual. 

Kinetic  Energy. — Every  body  which  is  in  motion  re- 
latively to  another  differs  from  it  in  possessing  kinetic  energy 
with  regard  to  this  body,  though  it  does  not  possess  any  with 
regard  to  a  body  with  which  it  is  at  rest.  And  in  using  this 
term,  kinetic  energy,  it  must  not  be  forgotten  that  'it  is  merely 
a  new  aspect  of  an  old  fact,  namely,  the  process  of  change.  A 
body  in  motion  is  now  to  be  looked  upon  as  something  capable  of 
effecting  further  change,  or  we  may  say  that  Ave  regard  a  given 
change  in  the  light  of  its  transformability  into  other  changes. 
For  this  reason,  the  something,  energy,  of  which  kinetic  energy  is 
one  of  the  forms,  is  not  a  new  fact  of  observation.  It  is  merely  a 
new  aspect  of  what  is  already  familiar  to  observation. 

Energy  is  frequently  described  as  ihe  caxiacity  to  do  wor/,; 
that  is,  to  produce  physical  change,  and  the  description  is  useful. 
But  it  is  advisable  to  keep  in  one's  mind  the  thought,  that  energy 
is  a  thing  which  may  present  itself  wider  differejit  forms  or  may 
persist  unchanged.  One  of  its  most  prominent  forms  is  kinetic 
energy,  and  this  may  readily  be  transformed  into  something  else. 
The  act  of  transformation  is  the  one  irrefutable  proof  of  the 
existence  of  an  entity  quite  as  real  as  matter  itself. 

Illustrations. — Dillerenccs  between  bodies  at  rest  ami  in  motion  come 
too  frequently  into  our  daily  experience  to  need  description  here,  and 
illustrations  have  been  already  given.  A  strinji;  which  is  able  to  support  a 
heavy  body  breaks  when  it  attempts  to  restrain  tlie  body  in  rajiid  motion  as 
it  falls.  Allow  the  body  to  fall  from  a  higher  level,  so  that  it  may  be 
checked  by  the  string.  Tbe  string  may  be  broken.  Or  again,  suspend  the 
body  to  a  spring  balance,  aiitl  note  that  the  extension  of  the  spring  varies 
with  the  distance  of  the  descent,  that  is,  with  the  rate  at  which  the  body  is 
moving.  Or,  again,  show  that  a  body,  attached  to  a  cord  passing  over  a 
pulley,  is  able  to  raise  a  larger  and  larger  mass  tied  to  the  other  end  of  the 
cord  and  resting  on  the  floor,  as  the  smaller  mass  is  allowed  to  fall  through 
a  farther  and  farther  distance,  that  is,  tbe  larger  mass  is  displaced  in 
accordance  with  the  speed  of  the  body  acting  on  it.  The  ballistic  pendulum 
has  been  employed  very  suitably  to  demonstrate  the  same  fact.  These  and 
similar  occurrences  may  now  be  conveniently  described  as  elfects  of  energy, 
or  as  illustrations  of  transformations  of  energy. 
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Application  to  the  Pendulum. 

The  phenomena  of  the  penduhim  are  singularly  fitted  to 
ilkistrate  the  effects  of  kinetic  energy,  and  the  meaning  which  is 
to  be  attributed  to  the  term.  It  exhibits  indeed  a  transformation 
of  a  physical  change,  in  a  simple  manner,  with  an  almost  entire 
absence  of  complications,  that  is,  of  subordinate  changes  Avhich 
tend  to  obscure  the  change  under  investigation.  In  order^  to 
start  a  pendulum  it  has  first  to  be  moved  from  its  position  of  rest 
by  an  external  agency.  And  this  preliminary  operation  plays  an 
important  part  in  its  action.  Energy  is  thereby  imparted  to  the 
body.  Work  is  performed  upon  it.  Its  energy  is  evident  in  its 
subsequent  fall.  A  body  does  not  change  unless  it  is  disturbed. 
The  pendulum  has  gained  something  in  being  placed  in  a  position 
to  admit  of  falling.  But  it  does  not  simply  fall.  In  virtue  of  its 
conformation  the  fall  is  followed  by  an  ascent,  and,  if  the  pen- 
dulum is  suspended  by  employing  a  knife-edge,  a  mode  in  which 
the  least  friction  occurs,  the  ascent  is  equal  in  distance  to  the 
fall.  Moreover,  the  manner  of  the  fall  is  repeated,  though 
reversed  in  direction,  during  the  ascent.  And  this  reversal 
proceeds  indefinitely.  To  describe  these  changes  in  the  language 
of  energy,  we  say  that  potential  eyiergy  is  given  to  tlie  j'endulum 
when  it  is  first  raised.  This  potential  energy  is  converted  into 
kinetic  energy  during  the  fall,  and  the  potential  energy  has 
entirely  disappeared,  Avhen  the  kinetic  energy  is  at  its  maximum, 
at  the  lowest  point  of  the  path.  During  the  ascent  of  the 
pendulum,  the  kinetic  energy  is  being  gradually  reconverted  into 
potential  energy,  to  undergo  again  the  same  round  in  the  opposite 
direction.  So  long  as  none  of  the  energy  first  given  to  the  system 
escapes  in  other  transformations,  this  cycle  is  followed  Avitliout 
cessation. 

The  uniformity  of  the  transformation  here  described,  and  the 
regular  progress  from  a  maximum  of  potential  to  a  maximum  of 
kinetic  energy,  and  vice  versa,  is  the  distinguishing  feature  of  this 
event.  It  is  one  of  the  most  simple  instances  of  such  a  change, 
and  it  is  one  in  which  the  theoretical  conditions  are  most  com- 
pletely obtained.     IJut  as  regards  the  actual  visible  event,  all  that 
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we  can  see  is  a  body  positively  accelerating  to  a  maxiniuin  ami 
then  undergoing  a  negative  acceleration,  or  retardation,  which  is 
succeeded  in  turn  by  a  positive  acceleration.  In  other  words, 
what  is  seen  is  a  to-and-fro  movement,  most  rapid  in  the  middle, 
and  null  at  the  limits  of  the  swing.  The  description  given  above 
in  terms  of  energy  must  not  be  taken  to  imply  that  any  further 
facts  are  observable. 

Energy  as  Rate  of  Change. 

It  must  not  be  supposed,  that  we  have  ah'eady  learnt  all  that 
the  pendulum  can  provide  for  our  instruction.  It  is  possible  to 
gather  from  the  conditions  of  its  movement,  that  energy  is  some- 
thing Avhich  impresses  itself  upon  us  as  a  rate  of  climige. 

The  word  rate,  in  its  ordinary  apphcation,  bears  a  meaning 
which  is  well  iinderstood.  When  we  speak  of  a  rate  of  motion, 
we  refer  to  the  distance  traversed  in  a  known  interval.  When 
we  compare  such  rates  with  one  another,  all  that  is  needed  is  to 
compare  the  distances  traversed  in  the  same  interval  of  time. 
Rate  of  motion  is  the  same  thing  as  speed. 

Rate  of  growth,  again,  is  the  relation  of  the  increment  of 
height  or  bulk  to  the  time  occupied.  And  rate  of  change  of  any 
kind  is  the  relation  or  ratio  of  the  added  change  to  the  time 
occupied.  But  in  addition  to  this  more  famihar  idea  of  a  time- 
rate,  the  word  rate  may  be  associated  with  space  or  distance, 
instead  of  time,  and  the  two  ideas  may  be  held  to  correspond  with 
one  another.  We  do  but  transfer  our  attention  from  the  time, 
occupied  in  a  given  change,  to  the  distance,  Avithin  Avhich  a  given 
event  takes  place.  The  ratio  of  the  quantity  of  change  to  the 
distance  represents  the  value  of  a  space-rate.  An  engine,  for 
example,  may  be  said  to  burn  m  tons  of  coal  per  hour,  or  to 
burn  n  tons  per  mile.  The  two  expressions  illustrate  what  is 
meant  by  the  two  rates. 

The  rate  at  which  the  pendulum  moves  increases  from  zero 
to  its  maximum,  and  it  is  obvious  that  the  same  may  be  said  of 
its  momentum.  The  rapitlity  with  which  momentum  is  generated 
during  the  fall  of  the  pendulum  is  the  same  as  the  rate  at  which 
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potential  energy  is  being  converted  into  kineti-c  energy.  Tlie  rate 
of  change  of  momentum  is  also  often  described  as  "  the  action  of  a 
force."  •^'•And,  as  we  have  already  learnt,  the  aciion  of  a  force  is  an 
instance  of  enerr/ij  being  transferred  from  one  body  to  another,  or 
being  transformed  in  character. 

]M"ewton's  Laws  of  Motion,  which  have  had  so  great  an 
influence  on  the  world  uf  thought  and  have  been  the  foundation 
of  modern  science,  formed  the  first  systematic  and  comprehensive 
statement  of  the  facts  of  motion.  They  embrace  within  their 
jurisdiction  all  the  known  facts  about  matter  in  motion,  and  no 
other  intelligible  explanation  or  description  of  the  facts  of  our 
existence,  as  regards  movement,  has  yet  been  suggested. 

Law  1. — Every  body  perseveres  in  its  state  of  rest  or  of  moving  uniformly 
in  a  straight  line,  except  in  so  far  as  it  is  made  to  change  that  state  by 
external  forces. 

Here  Ave  learn  what  happens  to  a  body  which  is  left  to  itself. 
We  are  told  that  matter  which  is  left  to  itself  preserves  its  state, 
remains  as  it  was,  either  at  rest  or  moving.  This  law  really  helps 
us  to  the  idea  of  inertia,  a  term  which  expresses  the  incapacity 
of  matter  to  change  of  itself.  It  goes  on  in  the  state  in  Avhich  it 
happens  to  be. 

From  this  law  we  obtain  our  definition  of  force,  as  that  which 
changes  a  body's  state  of  rest  or  of  uniform  motion. 

Law  2. — The  change  of  momentum  is  proportional  to  the  force,  and  takes 
place  in  the  direction  in  which  the  force  acts. 

The  first  law  describes  the  inertia  of  matter,  and  the  meaning 
to  be  given  to  the  word/orce.  The  second  law  tells  us  how  force 
may  be  measured.  It  is  to  be  measured  by  its  eff'ects,  by  the 
change  produced  in  the  quantity  of  momentum.  But  Xewton's 
term  for  force  (Vis  Motrix)  includes  in  its  meaning  both  the 
intensity  of  a  force  and  the  duration  of  time  during  which  the 
force  acts.  Equal  forces  are  those  which  produce  equal  effects  iii 
equal  times.  Time  must  always  be  taken  into  account,  for  the 
effects  of  force  accumulate.  They  go  on  increasing  as  the  force 
continues  to  act.  Hence  it  is  necessary  to  consider  the  time 
during  which  a  given  change  of  momentiun  has  taken  place,  before 


THE  TRANSFORMATION  OF  ENERGY         239 

estimating  the  magnitude  of  the  force  producing  that  change. 
Note  also  that  change  may  be  an  increase  or  a  decrease.  Botli 
increased  and  diminished  momentum  are  indications  of  the  action 
of  force. 

The  statements  made  herewith  enable  us  also  to  decide  when 
two  masses  are  equal.  Equal  masses  are  those  in  whicii,  equal 
forces,  or  the  same  force,  jvoduce  equal  changes  of  motion  in  the 
same  time. 

Law  3. — Reaction  is  equal  and  opposite  to  action,  that  is,  the  actions 
of  two  bodies  on  one  another  are  always  equal  and  oppositely  directed. 

If  we  consider  for  a  moment,  that  the  total  quantity  of  energy 
in  a  system  of  bodies  cannot  be  added  to  or  diminished  by  any 
change  taking  place  among  themselves,  it  will  be  seen  that  action 
and  reaction  must  be  equal  and  opposite.  The  changes  in  the 
momenta  of  two  bodies  acting  on  one  another  must  be  eqiial  and 
oppositely  directed. 

Ijut  we  have  learnt  already,  that  any  mutual  action  between 
two  bodies  is  called  a  stress.  And  the  word  stress  covers  every 
kind  of  mutual  action  in  which  bodies  may  be  engaged.  Hence 
we  may  state,  that  actiori  and  reactio7i  are  the  two  parts  ichich 
form  the  whole  of  stress,  or  the  two  aspects  of  the  same  fact, 
according  to  the  side  from  which  we  view  the  fact. 


The  Transformation  of  Energy. 

Since  the  experiments  carried  out  by  Eumford  in  1798,  in 
which  water  was  boiled  by  the  friction  of  two  metals,  it  is  no 
longer  considered  that  heat  is  a  fluid.  Before  that  time  it  was 
regarded  as  a  material  and  called  caloric,  but  Rumford's  demon- 
stration, that  an  indefinite  quantity  of  water  could  be  boiled  by 
the  expenditure  of  sufficient  work  in  rubbing  the  two  bodies 
together,  and,  further,  that  the  heat  brought  into  existence  was 
roughly  proportional  to  the  work  which  was  performed,  made  it 
difficult  to  admit  the  existence  of  this  substance,  and,  indeed, 
rendered  such  a  belief  baseless.  The  same  result  was  obtained  by 
Davy  in  1799.     He  showed  that  ice  could  be  melted  by  rubbing 
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two  pieces  together.  No  caloric  was  supposed  to  be  present 
in  these  bodies,  yet  the  effects  of  caloric  were  produced  by 
friction. 

It  is  not  assuming  too  much  to  say  that  tliese  experiments 
sliow  the  temperature  of  a  body  to  be  a  state  not  necessarily 
dependent  ujyon  communication  of  heat  from  another  body.  A 
larger  view  of  thermal,  kinetic,  and  other  states  of  matter  soon 
became  possible  in  the  light  of  these  discoveries.  Meanwhile, 
in  1843,  Joule  ascertained  the  quantity  of  Avork  corresponding 
definitely  with  a  given  quantity  of  heat,  JSTot  only  was  this 
clearly  established,  it  was  also  proved  that  the  value  was  constant 
and  invariable.  That  is,  he  found  that  a  fixed  ratio,  whicji  he 
called  the  mechanical  equivalent  of  heat,  always  represented 
the  terms  on  which  one  form  of  energy  could  be  converted  into 
another.  The  simplest  description  that  can  be  given  of  the  facts 
observed  by  Rumford  and  Davy,  lies  in  the  statement,  that  one 
form  of  energy  is  transformed  into  another,  or  that  a  body  which 
is  in  a  given  state  may  be  induced  to  assume?  another  state,  the 
disappearance  of  one  quality  corresponding  with  the  appearance 
of  another.  The  outcome  of  Joule's  work  was  to  enable  us  to 
make  this  statement  more  definite,  to  render  it  possible  to  say 
what  quantity  of  one  kind  of  energy  would  be  eqiiivalent  to  a 
given  quantity  of  another  kind.  The  numerical  value  of  the 
energy  in  each  case  would  be  alike  if  the  same  units  were  used  in 
measurement.  It  is  merely  the  description  of  different  lands  of 
energy  in  terms  of  their  oion  special  units  which  disguises  the 
fundamental  fact,  that  the  quantity  of  energy  is  7iever  changed  in 
spite  of  its  transformations. 

Applications  of  Joule's  Results. 

Although  the  instances  of  conversion  of  one  form  of  activity 
into  another  are  too  familiar  to  need  description,  yet  it  is  well  to 
remember,  that  even  in  the  most  common  events  the  equivalence 
of  successive  manifestations  of  energy  is  preserved.  It  may  not 
be  apparent  to  superficial  observation,  that  a  heavy  train,  when 
pulled  up  by  its  break,  must  exhibit  the  equivalent  of  its  energy 
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of  motion  in  tlie  raised,  temperature  of  break  and.  wheels  and  of 
the  fragments  rubbed  away,  or  that  the  body  which  has  fallen  to 
the  earth  is  Avarmer,  in  exact  proportion  to  the  raoe  at  which  it 
was  moving  when  it  touched  the  earth.  Yet  if  observation  were 
accurate  enough,  and  all  the  events  which  are  concerned  were 
measured,  the  equivalence  or  correspondence  in  quantity  would  be 
found  to  be  as  exactly  maintained  in  the  commoner  occurrences 
as  in  those  which  form  the  subject  of  experimental  work.  And 
again,  in  the  use  of  all  heat-motors,  whether  steam,  gas,  or  oil 
engines,  the  available  portion  of  the  heat,  produced  by  the  com- 
bustion of  various  forms  of  fuel,  finds  its  equivalent,  if  not  wholly 
in  the  kinetic  energy  of  the  engine,  yet  in  that  energy  together 
Avith  Avhat  unavoidably  leaks  away,  in  the  raised  temperature  of 
bearings  and  in  unavoidable  losses  through  cooling  or  compression 
of  parts.  The  more  closely  all  the  changes  Avhich  occur  are  taken 
into  account,  the  more  strictly  is  it  found  to  be  true,  that  energy 
changes  inform  hut  not  in  quantity. 

Conservation  of  Energy. 

Inasmuch  as  the  f()rm  of  energy  which  disa})pear8  is  repre- 
sented by  an  equivalent  quantity  of  some  otlier  form,  the  mutable 
2>JienomeJi07i,  energy  itself,  is  incapable  of  being  created  or 
destroyed.  We  have  an  indication  in  the  examples  already 
quoted  of  a  principle  which  is  believed  to  be  generally  true, 
namely,  that  of  the  conservation  of  energy.  It  is  not  difficult 
to  admit,  that  constancy  in  the  total  quantity  of  energy  is  a  simple 
deduction,  if  it  be  true  that  one  form  of  energy  is  replaced  in 
every  transformation  by  an  equal  quantity  of  another  kind.  And 
any  trouble  that  may  exist  in  realising  the  truth  of  this  statement 
is  diminished  in  great  part,  if  we  are  enabled  to  observe  a  cycle  of 
such  occurrences.  For  example,  when  the  energy  derived  from  a 
steam-engine  is  converted  into  electricity  in  motion,  and  then 
reproduced  in  the  form  of  mechanical  energy  by  the  agency  of  an 
electro-motor,  a  cycle  of  changes  of  this  order  enables  one  to 
understand,  that  there  is  something  which  is  fixed  and  unchanged 
underneath  such  varied  manifestations. 
16 
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Performance  of  Work. 

The  rate  at  wliich  energy  is  changed  is  termed  power.  The 
quantity  of  energy  which  is  engaged  in  a  transformation  is  spoken 
of  as  the  amount  of  work.  The  performance  of  work  therefore 
consists  in  a  transformation  of  energy.  The  quantity  of  Avork 
depends  on  the  quantity  of  energy  undergoing  the  change.  The 
7'afe  at  wliich  the  change  takes  place  indicates  the  power,  and 
inasmuch  as  the  quantity  of  energy  changed,  as  well  as  the  rate  at 
which  it  is  changed,  have  to  be  taken  into  account,  the  term 
power  must  be  held  to  cover  both  the  magnitudes.  Power,  then, 
is  the  rate  of  doing  work,  and  it  is  directly  proportional  to  the 
quantity  of  Avork,  i.e.  of  energy  changed,  and,  at  the  same  time, 
inversely  proportional  to  the  time  occupied  in  the  performance. 

In  raising  the  bob  of  a  pendulum,  Avork  is  done.  The  pen- 
dulum possesses  energy,  Avhich  has  passed  to  it  from  the  person 
performing  the  Avork.  But  the  moment  it  is  released,  the  potential 
energy  Avhicli  its  position  confers  upon  it  begins  to  be  converted 
into  the  kinetic  form.  AMien  entirely  changed  into  that  form  (an 
event  Avhicli  has  occurred  Avhen  it  has  reached  its  loAvest  point, 
the  point  at  Avhich  it  rests  Avhen  it  possesses  no  kinetic  energy), 
the  energy,  being  indestructible,  jierforms  work  and  raises  the 
pendulum  to  a  corresponding  height  on  the  other  side.  Work  is 
done  by  reason  of  the  kinetic  energy  being  gradually  retransformed 
into  potential  energy.  There  is  noAV  nothing  to  keep  it  in  the 
potential  form,  no  support  to  keep  it  in  its  position  of  advantage 
Avith  regard  to  energy,  and  as  its  energy  cannot  be  destroyed  it 
changes  again  to  the  kinetic  form.  The  rate  at  Avhich  these 
changes  take  place  may  be  measured  Avith  regard  to  time  or  space. 
There  is  a  time-rate  and  a  space-rate,  both  measurable,  and  the 
relation  of  change  of  state  to  time  or  to  space  is  the  origin  of  our 
conception  of  energy.  The  alternation  of  forms  is  that  Avliich  is 
characteristic  in  the  activity  of  the  pendulum,  and  tliat  Avhich 
requires  consideration  at  a  later  stage.  At  present  Ave  must  be 
content  to  attribute  it  to  the  constant  action  of  the  earth. 

Other  instances  of  the  performance  of  Avork,  Avliich  do  not  take 
the  form  of  a  cycle  of  events,  that  is,  Avliich  are  not  reversible. 
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may  be  given.  Whenever  matter  is  raised  from  the  earth's  sur- 
face, energy  is  conferred  upon  it.  It  possesses  potential  energy 
and  a  capacity  to  perform  work.  A  head  of  ivater  affords  an 
illustration.  The  fall  of  this  water  to  a  lower  point  may  be 
utilised  to  perform  work.  In  a  similar  manner,  energy  may  be 
imparted  to  a  complex  substance,  so  as  to  confer  upon  it  chemical 
potential  energy.  Work  may  be  done  while  this  kind  of  energy 
is  being  transformed.  When  the  transformed  matter  resumes  its 
original  form,  the  energy  originally  imparted  is  restored  and  may 
be  utilised.  It  may  be  in  the  form  of  heat  or  of  electricitij  in 
motion.  Coal,  Avhich  has  been  produced  from  carbonaceous  matter 
by  the  aid  of  the  sun's  energy  at  a  remote  period  of  the  earth's 
history,  affords  an  important  means  of  doing  work  as  it  loses  its 
chemical  potential  energy.  The  stored  energy  of  secondary  cells 
(accumidafo)'s)  gives  a  supply,  when  needed,  of  that  electrical 
energy,  Avhicli  previously  passed  to  them  from  a  dynamo  in  action, 
and  was  retained  by  them  in  the  form  of  chemical  energy. 

But  Avith  regard  to  these  cases  and  all  others,  it  ^vill  be 
observed  that  there  is  no  work  done,  except  during  a  process  of 
change  in  the  form  of  energy.  When  no  such  change  is  occurring, 
a  body  or  a  system  may  possess  energy,  and  for  that  reason  may 
be  said  to  have  a  capacity  for  work  (and  this  is  the  most  common 
definition  of  energy),  but  the  act  of  work  is  a  change  in  the 
form  of  energy. 

The  Unit  of  Work. 

Tlie  measurement  of  work  is  of  the  highest  importance.  The 
practical  activity  of  the  world  demands  to  be  regulated  and  ajjixir- 
tioned  with  the  closest  possible  accuracy.  And  as  it  is  for  the 
practical  purposes  of  the  work  of  the  world,  and  not  for  abstract 
ideas  about  work,  that  the  unit  is  needed,  it  has  been  based  iipon 
a  familiar  fact  and  a  common  illustration  of  work,  namely,  the 
raising  of  matter  from  the  surface  of  the  earth.  The  practical 
unit  of  Avork  is  the  foot-pound,  and  it  is  the  work  done  in 
raising  a  pound  of  any  kind  of  matter  one  foot  away  from  the 
earth.     It  will  at  once  occur  to  anyone  who  considers  the^^facts  of 
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gravitation,  that  this  quantity  of  work  may  vaiy  slightly  in 
different  localities.  Indeed,  it  is  not  strictly  constant,  though 
constant  enough  for  ordinary  jmrj'ioses.  And  it  may  be  regarded 
as  sufficiently  constant  for  all  heights  which  come  into  practical 
affairs.  Hence  the  fall  of  1000  jiounds  of  water  from  a  height 
of  100  feet  would  represent  100,000  foot-pounds  of  work,  and 
the  oj^eration  of  raising  it  to  that  height  Avould  also  need  100,000 
foot-pounds. 

An  agent  which  can  perform  33,000  foot-pounds  ^^rr  mimife  is 
said  to  possess  a  horse-power.  Power,  it  will  be  remembered,  is 
the  rate  of  doing  work.  James  Watt,  the  engineer,  estimated  the 
working  capacity  of  a  horse  as  33,000  foot-pounds  per  minute,  and 
used  this  value  as  a  standard  of  measurement. 

Storage  of  Energy. 

The  activity  of  man  consists  in  the  performance  of  work.  To 
the  furtherance  of  this  activity  all  his  mechanical  contrivances  are 
directed.  All  his  ingenious  inventions,  machines,  and  apparatus 
have  for  their  sole  end  an  enlargement  of  the  quantity  of  work 
whicb  he  may  perform.  And,  as  we  know,  the  performance  of 
work  is  a  change  in  the  form  of  energy.  The  work  of  man 
aided  by  his  machines  consists  in  the  transformation  of  energy. 
He  is  constantly  engaged  in  modifying  one  kind  of  energy  into 
another.  The  energy  resident  in  coal  is  changed  into  energy  of 
motion,  and  Ave  are  carried  from  one  part  of  the  eartli  to  another, 
or  material  is  cut,  shaped,  or  woven  to  fit  our  wants  in  factories 
and  mills,  mainly  by  the  agency  of  coal.  But  these  performances 
do  not  take  place  either  in  a  very  simple  or  in  a  very  direct 
manner.  Energy  cannot  be  readily  transformed  just  in  the  fashion 
that  we  need  it,  without  many  precautions  being  taken  and  many 
auxiliaries  being  employed.  Energy  exists  everywhere  and  all 
around  us.  It  is  a  fixed  quantity  in  the  luiiverse,  never  increased 
or  diminished,  but  it  cannot  be  always  employed,  nor  can  it 
always  be  changed  at  once  into  the  form  which  we  happen  to 
need  at  the  moment.  Here  is  the  place  for  machinery.  At  this 
juncture  we  resort  to  certain  mechanical  contrivances  to  obtain  from 
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them  the  kind  of  energy  which  we  want.  Energy  is  adapted  to 
our  needs  hy  machineri/,  whicli  absorbs  the  energy  found  in  nature 
and  changes  it  into  a  usefid  form. 

The  process  of  change  must  be  regulated  and  controlled.  It 
is  important  that  we  should  be  able  to  get  our  supply  of  useful 
energy  when  we  need  it,  and  be  able  to  regulate  it  in  quantity. 
And  this  is  just  what  machines  enable  lis  to  do.  In  the  first  place 
they  prevent  the  transformation  being  too  sudden.  The  explosion 
of  gas  is  an  example  of  a  sudden  conversion  of  chemical  energy  into 
heat,  a  useless  conversion  under  ordinary  circinnstances.  But  in 
a  gas-engine  the  explosion  is  kept  under  control,  regulated  and 
utilised. 

The  most  frequent  form  in  which  we  need  energy  is  the 
kinetic  form,  and  this  is  easily  obtained.  But  the  energy  of  a 
body  being  translated  is  not  an  easy  form  of  energy  to  control. 
It  is  better  to  change  the  energy  of  translation  into  that  of 
rotation,  as  we  do  in  all  engines.  The  kinetic  energy  of  the 
piston  obtained  from  the  thermal  energy  of  the  fuel,  whether 
coal  or  gas,  is  converted  into  energy  of  rotation.  There  are 
these  two  important  classes  of  kinetic  energy,  that  of  trans- 
lation and  that  of  rotation,  but  the  most  useful  class  is 
that  of  rotation.  In  the  rapid  rotation  of  a  flywheel  we 
have  kinetic  energy,  in  a  form  which  is  easily  handed  on,  by 
belts  and  shafting,  to  long  distances  from  the  place  where  it  is 
generated.  A  moment's  consideration  of  the  state  of  aftairs  in  a 
large  mill  or  workshop,  with  its  system  of  shafting,  will  show 
how  important  it  is  to  have  our  energy  in  the  rotational  form. 


The  Flywheel. 

A  heavy  cast-iron  wheel  provided  with  a  spindle  is  mounted  cither  on 
conical  bearings  or,  better,  by  means  of  ball  bearings.  It  is  supported 
horizontally  or  vertically  on  a  strong  bracket.  The  fixing  is  arranged  with 
a  view  to  allow  the  energy  of  a  falling  body  to  be  transferred  to  the  fly- 
wheel. The  spindle  is  long  enough  to  allow  a  considerable  length  of  cord  to 
be  wrapped  round  it.  A  loop  is  made  at  the  end  of  the  cord  and  fixed  over 
a  pin  in  the  spindle,  in  a  manner  to  permit  its  detachment  as  the 
cord   is    unwound.      A   Aveight    is    now   attached    to    the  cord,   and  it   is 
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raised  by  fixing  the  loop  on  the  pin  cand  turning  round  the  flywheel.  The 
weight  may  now  l)e  allowed  to  fall,  and  before  it  reaches  the  floor  it 
becomes  detached  from  the  wheel,  if  the  cord  be  suitable  in  leugtli. 

It  is  necessary  to  estimate  the  energy  yielded  by  the  action  of 
the  earth  on  the  hanging  M'eight,  and  the  energy  gained  hj  the 
flywheel,  and  stored  up  in  it  while  it  is  rotating.  The  main  fact 
of  the  transfer  is  sufficiently  obvious.  Under  ordinary  circum- 
stances a  heavy  body  would  fall  with  great  rapidity  to  the  ear^h. 
When  put  in  connection  with  the  massive  wheel,  it  descends 
quite  slowly  and  the  Avheel  rotates.  When  it  is  disconnected 
towards  the  end  of  its  fall,  it  is  moving  with  far  less  than  the 
normal  speed  ;  it  has  lost  potential  energy  without  gaining  the 
due  amount  of  kinetic  energy.  But,  meanwhile,  the  flyAvheel  is 
rotating  rapidly,  and  were  it  not  for  the  friction  of  its  bearings, 
it  would  continue  to  rotate  indefinitely,  unless  stopped  by  some 
external  constraint.  Energy  has  left  the  suspended  weight,  and 
it  now  resides  in  the  flywheel. 

Measurement  of  Kinetic  Energy. 

Kinetic  energy,  or  the  energy  Avdiich  a  body  possesses  in 
virtiie  of  its  motion,  is  known  to  l)e  proportional  to  the  product 
of  its  momentum  and  speed.  The  ninnerical  value  of  kinetic 
energy  is  equal  to  one-half  the  product  of  the  numerical  values  of 
its  mass  and  its  speed  squared.     Or, 

Kinetic  energy  =  ^.MV". 

The  following  considerations  lead  us  to  state,  that  -^MV- 
always  represents  kinetic  energy,  or,  in  other  words,  that  the 
numerical  value  of  the  kinetic  energy,  possessed  by  a  body  at  any 
moment,  is  obtained  from  half  the  product  of  the  numerical  value 
of  the  mass  into  that  of  the  velocity  squared.  It  is  quite  true 
to  state,  that  kinetic  energy  is  proportional  to  the  mass  and  the 
square  of  the  velocity  jointly,  but  it  is  a  convenience  to  regard  it 
as  iMY-  rather  than  MV^.  By  doing  so,  the  numerical  relation 
of  force  and  energy,  and  of  force  and  work,  is  more  easily  grasped. 

Let  F,  j\r,  S,  T,  V,  stand  for  force,  mass,  length,  time,  and 
speed  respectively. 
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Then  a  constant  force,  acting  for  the  time  T,  causes  an  increase 
of  nionientuni,  wliicli  may  be  represented  as  FT  =  ]\I(V'  -  V). 

In  such  a  case,  the  mean  speed  is  h(V'  +  y),  that  is,  the  mean 
of  the  original  and  final  speeds. 

But  i(V'  +  Y)  also   ecpials  '~,  since  the  number  of  units  of 

length,  divided  b}'  the  numlier  of  units  of  time  taken,  gives  the 
average  speed. 

By  multiplying  FT  by  '.  and  M(V'  -  V)  by  the  equivalent 

S 
of   -,   namely   i(V  +  Y),    the   accuracy  of   the    equation  is   not 

altered,  and  we  obtain  tlie  result — 

FS  =  prY'2  -  1MV2. 

Xow  FS  is  the  expression  for  a  force  acting  through  a  certain 
distance,  and  this  is  the  performance  of  work.  The  quantity 
of  work  performed  is  measured  by  the  difference  in  the  value 
|MA^-  at  the  beginning  and  the  end  of  the  action  of  the  force. 
This  is  shown  in  the  expression  |MV'^  -  ^j\IY^. 

The  performance  of  work  is  a  transfer  or  transformation  of 
energy.  The  accession  of  energy  is  seen  in  the  changed  A'alue  of 
the  term  ^MV-,  and  this  is  the  term  which  we  use  to  express 
kinetic  energy  in  preference  to  MY".  Or  we  may  put  it  in  the 
following  way,  that  starting  with  recognised  definitions  of  force 
and  work,  the  expression  i-]\IY^  may  be  called  kinetic  energy. 


Use  of  a  Flywheel  ix  Machinery. 

In  ordinary  steam  or  gas  engines,  the  to-and-fro  motion  of 
the  piston  is  converted  into  a  circular  motion  by  a  connecting- 
rod  and  cranli.  The  outer  extremity  of  the  crank  moves  in 
a  circle,  and  one  extremity  of  the  connecting-rod  moves  with 
it,  while  the  other  end  is  constrained  by  guides  to  move 
rectilinearly.  But  it  will  be  clear  on  inspecting  an  engine,  or  a 
model  of  one,  that  the  turning  of  the  crank  will  be  irregular. 
The    arrangement    of   the    component    parts    of    the    link-work 
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necessitates  this  irregularity.  It  will  be  seen  that  there  are  two 
dead-points,  points  in  a  line  with  the  giude-blocks  of  the  connect- 
ing-rod, at  Avhich  there  is  no  turning  power  at  all,  and  if  it  were 
not  for  the  stored  energy  of  rotation  which  carries  them  over 
these  points,  continuous  rotation  would  lie  impossible.  In 
addition  to  this  feature  in  the  link-work,  by  which  rectilinear 
motion  is  converted  into  circular,  there  is  a  great  variation  due  to 
the  changing  pressure  of  the  gas  or  steam  used  in  the  cylinder. 
The  working  of  the  engine  would  be  irregular  and  jerky  but 
for  the  provision  on  the  shaft  of  a  large  and  massive  flywheel, 
which  stores  up  the  energy  derived  from  the  more  rapid  parts 
of  the  stroke  of  the  piston  and  equalises  the  whole  movement. 
Hence  it  is,  that  the  flywheel  is  a  prominent  featm-e  in  every 
engine,  and  the  larger  it  is,  the  more  steady  is  the  engine. 
There  is  less  jarring  and  vibration,  and  a  more  constant  speed  is 
maintained  by  the  employment  of  a  flywheel.  Accessions  of 
energy,  which  are  more  or  less  intermittent,  are  distributed  evenly 
over  the  Avhole  Avheel,  and  are  evenly  handed  on,  by  the  belting 
and  shafting,  to  the  positions  where  they  are  needed.  In  the 
case  of  a  locomotive,  the  flywheel  is  the  large  driving  wheel. 

Work  estimated  as  Pressure  exerted  through 
A  Distance. 

Fortunately  for  our  comprehension  of  work,  it  is  possible  to 
approach  it  from  several  sides.  So  far  we  have  looked  on  it  as 
a  change  in  the  form  of  energy,  or  a  change  in  the  residence  of 
energy.  When  kinetic  energy  changes  to  heat  {friction),  Avhen 
thermal  energy  changes  to  kinetic  energy  (eiir/ine),  when  chemical 
potential  energy  changes  to  heat  {combustion),  when  thermal 
energy  changes  to  chemical  potential  energy  {reduction  of  ores), 
when  chemical  potential  energy  changes  to  electric  energy  {cell), 
when  electric  energy  changes  to  kinetic  energy  {motor),  when 
kinetic  energy  changes  to  electric  energy  {dynamo),  on  all  these 
occasions  work  is  performed.  At  the  same  time  Ave  observe  that 
the  location  of  the  energy  alters.  It  passes  from  one  body  to 
another,  while  it  changes  its  form. 
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But  we  may  now  regard  the  performance  of  work  in  another 
light.  In  some  of  its  instances,  and  these  the  most  famiHar,  we 
may  perceive  that  a  certain  jJi'^ssure  is  being  exerted  over  a  given 
distance.  When  a  body  is  raised  from  the  surface  of  the  earth, 
a  pressure,  gravitation,  is  overcome.  The  greater  the  distance 
through  which  it  is  raised,  the  greater  is  the  amount  of  work.  The 
larger  the  quantity  of  matter  which  is  raised,  the  greater  is  the 
quantity  of  work  performed,  and  the  quantity  of  matter  in  this 
case  is  a  measure  of  the  quantity  of  pressure.  Matter  is  attracted 
to  the  earth  in  proportion  to  its  quantity.  Here  we  see  clearly, 
that  the  product  oi  the  numerical  value  of  the  pressure  and  the 
number  of  units  oi  distance  gives  us  the  nimierical  value  of  the 
work.     Or,  W=FS. 

The  total  value  of  the  pressure  of  steam  on  .the  piston  of 
an  engine,  and  the  distance  through  which  the  piston  is  thrust, 
together  measure  the  work  done  at  each  displacement  of  the 
piston.  In  a  sense  very  similar  to  that  in  which  we  regard  the 
pressure  of  a  hot  gas,  as  steam,  we  may  look  upon  the  electro- 
motive force,  or  voltage,  of  a  current  as  an  electric  pressure, 
and  the  product  of  this  value  into  the  quantity  of  current  informs 
us  of  the  rate  at  which  work  may  be  performed. 

From  these  and  other  observations  it  is  apparent,  that  the 
extent  of  work  done  A^aries  with  the  value  of  a  pressure,  or  some- 
thing corresponding  with  a  pressure,  combined  with  the  distance 
through  which  that  pressure  or  its  equivalent  is  exerted.  And 
this  conception  of  the  performance  of  Avork  is  quite  consistent 
Avith  that  which  we  obtain  by  regarding  it  as  a  process  of  trans- 
ferring energy.  It  is,  indeed,  the  same  fact  expressed  in  different 
Avords. 

Power. 

A  matter  of  very  great  practical  importance  noAV  comes  under 
discussion.  The  quantity  of  Avork  performed  on  a  given  occasion 
may  be  important  enough  in  itself,  but  the  rate  at  Avhich  it  is 
performed  may  be  a  question  of  still  higher  moment.  It  is  not 
only  necessary  to  know  hoAV  much  Avork  is  done,  we  may  require 
to  knoAv  how  quickly  it  is  done.     The  rate  of  doing  xcork  is  called 
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poicer,  and  we  may  take  it  to  be  a  time-rate.  The  quantity  of  work 
per  unit  of  time  defines  the  power.  The  quantity  of  energy 
transferred,  or  changed  in  form,  in  a  unit  of  time  gives  the 
power  or  rate. 

A  slight  change  in  our  attitude  towards  the  event  will  enable 
us  to  see,  that  the  sjmce-rate  in  the  transfer  of  energy  yields  us 
the  intensity  of  the  effort.  If  a  given  amount  of  work  is  performed 
within  a  short  distance,  then  the  pressure  must  be  correspondingly 
large.  The  smaller  the  distance  Avorked  through,  the  greater 
must  be  the  pressure  to  perform  a  given  quantity  of  work. 
From  considerations  of  this  kind  we  gain  our  conception  of  force. 
When  work  is  performed  in  a  sJiort  sjMce,  Ave  speak  of  a  large 
force  existing.  The  greater  the  work  done  in  a  given  distance, 
the  greater  is  the  force  which  does  it.  And  this  term  force  is 
useful  and  convenient  in  description,  though  it  must  not  be 
forgotten,  that  Avhat  we  are  really  dealing  with  is  energy,  its 
transferences  and  modifications. 

It  is  interesting  to  note  in  connection  with  this  branch  of  our 
subject,  that  the  transfer  of  energy  from  one  body  to  another  in 
the  form  of  heat  is  strictly  parallel  with  the  event  which  occurs, 
when  a  change  of  momentum  takes  place  under  the  action  of  an 
impulse.  The  quantity  known  as  heat  is  made  up  of  mass  and 
change  of  temperature,  or  H  =  ?n(T  —  t),  if  Ave  do  not  take 
into  account  the  factor  introduced  by  a  diilerence  in  the  kind 
of  matter.  In  other  words,  a  quantity  of  a  certain  kind  of 
matter  becomes  changed  in  its  thermal  condition.  So,  too, 
does  the  action  of  a  force  (i.e.  a  transfer  of  energy)  manifest 
itself  as  a  change  of  state  in  a  certain  quantity  of  matter.  The 
sole  difference  lies  in  the  fact  that  the  change  takes  place  in  the 
kinetic  state  of  the  body.  Ft  =  ?»(V  — v).  The  action  is  jointly 
proportional  to  the  change  in  velocity  and  the  quantity  of  matter 
in  Avhich  it  occurs. 


CHAP TEE    XI 

DISTURBANCE    OR    DISPLACEMENT   OF    MATTER   IS 
EVERYWHERE   RESTRAINED 

It  becomes  evident,  when  we  reflect  a  little,  that  change  is  rarely 
spontaneous,  and  in  the  normal  course  of  nature  things  remain  as 
they  are.  The  agency  of  life  itself  is  the  chief  exception  to  this 
statement.  If  wo  except  the  events  which  are  connected  with 
life,  we  may  safely  say  that  no  change  originates  itself.  What 
is  noteworthy  in  the  first  broad  outlook  on  nature  is  the  inertia  of 
inanimate  things,  and  Avliat  next  claims  notice  is  the  frequent 
disturbance  of  equilibrium  due  to  living  things. 

It  remains  for  us  to  investigate  the  conditions  which  must  be 
observed,  whenever  an  attempt  is  made  to  disturb  the  existing 
state  of  affairs.  It  will  be  readily  granted,  that  the  displacement 
of  every  body  is  restrained  and  opposed,  in  a  degree  which  varies 
according  to  circumstances.  The  terms,  restraint,  inertia,  resistafice, 
effort,  and  others,  express  an  experience  Avhich  is  universal.  The 
world,  in  most  of  its  appearances  and  its  characters,  persists 
unchanged.  Whenever  we  proceed  to  bring  about  any  kind  of 
change  in  things  as  we  find  them,  we  meet  uniformly  with  diffi- 
culty. We  experience  a  feeling  of  resistance,  and  a  sense  of  effort 
to  be  expended.  And  this  is  what  is  meant  by  work — the  effort 
necessary  to  bring  about  any  artificial  rearrangement  of  material, 
or  to  oppose  a  rearrangement  which  is  taking  place  naturally. 

If  the  description  which  is  now  given  appears  in  any  way  to 
contradict  that  which  was  given  in  the  last  chapter,  it  will  be  due 
to  the  fact  that  we  are  now  regarding  work  in  a  more  special  and 
more  restricted  light.  The  discrepancy  will  disappear,  when  we 
consider  that  work  may  be  looked  upon,  either  as  an  opei'ation  of 
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nature  at  large,  or  as  an  event  which  mainly  concerns  living 
things.  The  former  view  is  the  more  comprehensive,  hut  for  tlie 
moment  it  is  convenient  to  deal  Avith  the  latter,  as  ali'ording  a 
suitahle  introduction  to  many  important  facts.  And  not  least 
among  them  are  the  various  means  employed  in  c(3unteracting 
some  of  the  operations  of  nature. 

There  may  not  appear  to  be  a  sufficient  reason  for  dealing  with 
the  properties  of  matter  at  this  stage,  but  the  reason  may  s]iow 
itself  in  the  scheme  of  statement  which  follows.  On  all  sides  we 
are  surrounded  by  matter,  continuous  or  discontinuous.  The 
atmosphere,  which  continuously  envelopes  us,  produces  its  own 
characteristic  effects  when  experiments  are  made  with  it ;  water, 
too,  exhibits  special  properties,  and  the  solid  matter  on  which  we 
stand  varies  in  its  nature  and  yields  to  investigation  a  variety  of 
results.  And  it  is  from  the  solid  earth  that  most  of  the  facts 
constituting  Chemistry  and  Physics  are  derived.  It  exhibits  to 
the  chemist  diverse  properties  and  great  variation  in  physical 
behaviour,  while  the  Science  of  Mechanics  is  occupied  in  dealing 
Avith  the  behaviour  of  fragments  of  matter,  which  have  been 
raised  from  the  earth's  surface  and  rearranged  in  space.  By  no 
contrivance  can  Ave  escape  from  the  effects  of  these  surroundings. 
NoAvhere  do  Ave  find  ourselves  free  from  their  influence.  The 
properties  which  distinguish  solids,  liquids  and  gases,  the  modes 
in  which  their  effects  can  be  utilised  or  avoided,  enter  largely  into 
the  practice  of  life  and  the  business  of  mankind. 

Cohesion. 

The  parts  of  every  solid  stick  together  in  such  a  Avay  that  it  is 
difficult  to  separate  them.  To  effect  a  separation  of  parts  in  a 
solid,  it  is  necessary  to  perform  a  comparatively  large  amount  of 
Avork.  In  the  case  of  liquids,  the  Avork  needed  to  separate  one 
portion  from  another  is  much  less.  Gases  do  not  exhibit  any 
appreciable  cohesion. 

The  cohesion  of  the  parts  of  a  solid,  though  an  obstruction  in 
the  way  of  an  attempt  to  redistribute  the  matter  composing  them, 
is  an  important  aid  in  overcoming  other  events.     If  it  be  needed 
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to  remove  any  portion  of  matter  from  the  earth's  surface  and 
maintain  it  in  its  position,  we  have  recourse  to  this  property  of 
soHds.  Structures  allbrd  ilhistration  of  the  Avay  in  whicli 
natural  changes  may  be  restrained,  and,  in  addition,  natural 
changes  may  be  utilised  by  structural  contrivances. 

The  existence  of  the  minimum  of  cohesion  in  gases  accounts 
for  the  freedom  of  our  own  movement,  and  that  of  other  bodies, 
through  the  atmosphere  of  gas  by  which  the  surface  of  the  earth 
is  enclosed.  The  maximum  of  cohesion,  shown  by  solids  as  a 
class,  explains  the  conditions  which  regulate  their  displacement 
and,  likewise,  their  effects  upon  one  another.  While  a  solid  is 
acted  on  as  a  whole,  and  displaced  as  a  Avliole,  liquids  and  gases 
permit  only  of  partial  or  local  disturbances  under  the  influence 
of  the  same  agents.  A  solid  preserves  its  shape  when  acted  on 
by  the  earth,  Avhile  liquids  and  gases  do  not  exhibit  as  a  rule 
either  constancy  of  form  or  identity  of  shape. 

Force  as  a  Term  which  simplifies  Description. 

With  a  view  to  brevity,  and,  at  tlic  same  time,  to  greater 
definiteness  in  the  descriptions  of  matter  under  its  various  changes, 
a  Rctitious  agent  of  change  called  force  has  been  brought  into 
use.  But  it  must  not  be  forgotten,  that  the  term  is  merely  an  aid 
to  description,  and  does  not  imply  the  existence  of  any  new  fact 
in  nature.  When  this  economical  term  has  been  accepted,  we 
can  describe  with  greater  conciseness  the  manner  in  which  the 
properties  of  solids  are  utilised  in  counteracting  natural  occur- 
rences, as  seen  in  roofs,  bridges,  etc.,  and  the  manner  in  which 
the  movements  of  masses  are  controlled  and  modified,  as  illustrated 
in  mechanical  contrivances. 

There  is  no  better  way  of  Itcgiiuung  the  study  of  what  is 
inqilied  by  the  word  force,  than  t(j  attempt  to  realise  how  abso- 
lutely true  is  the  statement,  that  things  remain  as  they  are,  that 
they  persist  in  their  state  whatever  that  state  may  be.  Now  this 
is  but  part  of  the  general  impression  made  upon  us  l)y  what  is 
outside  ourselves.     It  is  another  description  of  the  constancy  of 

nature. 
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To  use  more  technical  terms,  we  should  say  that  every  object 
possesses  inertia.  If  moving,  it  remains  moving,  or  calls  for  some 
effort  to  alter  its  motion.  If  at  rest,  effort  is  needed  to  alter  its 
state  of  rest.  And  what  is  meant  by  the  inertia  of  matter  is  its 
inability  to  change.  The  iproperty  of  change  must  he  transfeyred 
to  it  from  elsewhere.  That  which  has  been  called  etFort,  and 
is  needed  to  alter  a  state  of  rest  or  motion,  is  another  (ihange 
simultaneous  loith  itself.  Or  we  may  say,  no  change  of  state  takes 
place  by  itself.     It  is  brought  about  or  caused  by  another. 

This  two-sided  occurrence  we  have  already  learnt  to  look  upon 
as  a  transfer  of  energy  from  one  body  to  another.  Wo  have 
seen,  too,  that /orce  is  an  expression  for  the  sjjace-rate  at  which 
eiiergy  can  he  transferred.  All  the  varied  changes  which  take  jilace 
in  nature  are  instances  of  energy  being  transferred  from  one  body 
lo  another,  and  except  for  these  exchanges,  which  arise  mostly 
from  disturbances  due  to  living  things,  there  would  be  little 
variation  in  the  world.  If  the  changes  of  temperature,  and  all 
the  secondary  effects  produced  by  them,  resulting  from  the  alter- 
nate exposure  of  different  portions  of  the  earth's  surface  to  the  sun, 
Avere  also  absent,  it  is  safe  to  say  that  no  changes  would  occur. 
The  various  classes  of  change  bring  into  existence  a  variety  of 
names  for  so-called  different  forces.  We  allude,  for  example,  to 
chemical,  electric,  magnetic,  and  other  forces,  although  it  is  very 
probable  that  all  force  is  one,  however  much  its  manifestation 
may  differ  by  reason  of  a  ditference  in  the  matter  or  in  the  ether 
affected  by  it. 

Whenever  any  break  occurs  m  the  existing  order,  it  is  natural 
to  attribute  it  to  something  external,  to  an  agent.  It  is  usual, 
indeed,  to  refer  any  change  to  something  resemblmg  human 
agency,  the  most  familiar  cause  of  a  disturbance  of  nature's  course. 
And  so  it  comes  about,  that  a  figment  of  the  brain  called  force  is 
assumed  to  be  the  cause  of  change.  Provided  that  too  much  be 
not  associated  with  that  term,  there  is  a  great  convenience  in 
its  use.  For  this  reason,  it  is  usual  to  define  force  as  that 
ichich  clianges  or  tends  to  cliange  a  hody's  state  of  rest  or 
motion. 


TRIANGULAR  ROOF  TRUSS 
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Triangular  Roof  Truss,  exhibiting  Simple  Mode 
OF  Support. 

It  may  be  quite  easy  to  overcome  stress,  and  in  our  practical 
life  that  which  we  have  always  to  consider  is  the  earth-stress 
or  gravitation,  but  it  is  not  always  easy  to  overcome  it  in  a  con- 
venient manner.  Economy  of  material  has  to  be  considered,  not 
only  for  the  purpose  of  diminishing  expense,  for  in  a  populous 
country  the  raw  material,  wood  and  stone,  at  our  disposal  is 
expensive,  but  also  with  a  view  to  diminish  the  labour  involved 
in  handling  cumbrous  structures. 

Any   ordinary   roof -structure   will   afford   an   illustration   of  a 


Fig.  28. — Model  of  a  Triangular  Roof  Truss. 

simple  kind  of  framework,  enabling  pressure  to  be  counteracted 
with  economy  as  regards  material. 

Tiles  or  slates  are  needed  to  protect  against  rain,  and  the 
foundations  u^jon  which  they  are  supported  are  a  series  of  com- 
paratively light  wooden  frameworks,  arranged  in  the  familiar 
triangular  shape. 

The  model  illustrated  (Fig.  28)  shows  how  the  support  is  obtained,  and 
how  the  different  parts  of  the  structure  assist  in  the  support.  Two  strips  of 
wood,  about  2'  tt"  long,  are  fastened  at  the  top  by  a  bolt  and  nut.  At  their 
feet  they  are  tied  by  a  cord  in  connection  with  a  spring  extension-measurer 
(to  indicate  the  tension  in  the  cord).  The  jiitch  of  the  model  roof  and  the 
span  covered  may  be  varied  by  the  length  of  the  tie.  The  support,  which 
this  structure  is  intended  to  give,  may  be  illustrated  by  hanging  a  heavy 
weight,  14  or  28  lb.,  from  the  top  joint.  Place  the  lower  ends  of  this 
framework  or  trtiss  upon  supports. 

?fote  the  change  in  the  reading  of  the  spring,  wlnu  the  tru.NS  is  loaded. 
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Vaiy  the  load.  Note  that  the  tie  is  extended,  wliereas  the  rafters  them- 
selves are  compressed.  Any  structure  which  is  extended  in  use  is  called  a  tie, 
and  any  structure  receiving  compression  is  called  a  strut. 

Another  simple  fornr  of  triangular  truss  is  shown  in  Fig.  29.  Here  we 
possess  a  very  rigid  framework,  capable  of  withstanding  a  large  amount  of 
vertical  pressure.  The  support,  which  the  beam  AB  may  give,  is  greatly 
increased  in  this  example,  and  bending  is  prevented,  by  the  tie-rod  CD, 
the  tie  itself  being  suspended  from  C,  and  fixed  to  AB  by  a  nut  which  per- 
mits an  adjustment  in  length. 

The  beam  AB  may  also  be  strengthened  by  an  inverted  strut  at^the 
centre.  A  weight  placed  on  the  beam  is  partially  supported  by  the  tie-rods 
CA,  CB,  for  any  bending  in  the  beam  would  cause  a  lengthening  of  the 
ties. 

A  slijlit  increase  in  the  material  employed  adds  enormously  to 

the  strength  of  the 
structure  in  all 
these  examples  of 
framework.  The 
plan  of  the  frame- 
Av  0  r  k,  a  n  d  the 
arrangement  and 
dimensions  of  its 
parts,  determine 
whether  it  is  strong 
enough  for  its  purpose,  and  whether  that  strength  has  been 
obtained  in  the  best  and  most  advantageous  manner.  Plenty 
of  modifications  of  framework  may  be  seen  in  roofs  and  bridges 
by  an  observant  person. 


Fig.  29.— A  Form  of  Roof  Truss. 


The  Distribution  op  Pkessure  in  a  Simple  Crane. 

An  ordinary  S2)ring  compression-measurer  is  placed  at  an  angle  on  a 
base,  as  in  Fig.  30,  and  the  wooden  jib  of  the  model  ciane  is  attached  to  the 
spindle  of  the  spring.  At  the  upper  end  of  the  jib  a  small  pulley  is  fixed, 
and  over  this  a  tie  in  the  form  of  a  cord  or  light  chain  passes.  At  one  end 
of  the  cord  the  weight  to  be  supported  is  fixed.  Between  the  pulley  and  the 
firmly  fixed  upright  is  placed  an  extension-spring,  and  the  tie  is  continued 
through  one  of  the  several  rings  which  are  placed  in  the  upright,  and  finally 
fixed  at  the  base.  The  angle  of  this  tie  can  be  altered  by  using  different 
rimes. 
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Use  different  weights  and  dilferent  angles  for  the  tie.     Note  in  each  case 
the  values  for  the  compression  of  the  jib  and  the  extension  of  the  tie. 


Bridges. 


Various  modes  of  con- 
struction are  adopted  in 
bridge-making.  In  all 
cases  a  structure  is  re- 
quired, which  is  secure 
against  wind  pressiu'e, 
and  is  capable  of  carry- 
ing the  required  load  with 
a  large  margin  of  safety. 


Fig. 


-Apparatus   to   show   distribution   of 
pressure  in  a  crane. 


But  these  ends  must  be  reached  with 
as  little  material  as  possible,  for  the  dead  iveiglit  of  the  structure 
itself  becomes  a  serious  matter  in  a  bridge  of  long  span. 

If  a  bar  of  indiarubber  marked  with  vertical  lines  be  supported  at  each 

end,  and  a  body  heavy  enough  to  bend 
it  be  suspended  from  the  middle,  it 
will  be  noticed  that  the  parallel  lines 
converge  to  a  point  as  shown  in  Fig. 
31. 


Fig.  31. — Indiarubber  bar  marked 
with  parallel  lines  and  bending 
under  weight. 


When  a  solid  bends  under  a 
weight,  it  is  clear  that  the  upper 
parts  of  the  soHd  are  in  a  state 
of  compression,  while  the  lower 
parts  are  extended.  In  any  frame- 
work, arranged  to  support  a  load, 
these  facts  must  be  taken  into  account.  The  parts  under  com- 
pression should  be,  as  far  as  possible,  short  and  thiclx,  while  all 
parts  liable  only  to  extension  may  be  thin  and  light.  When  a 
pull  is  exerted,  the  tie  which  resists  it  may  be  a  chain,  rope,  or 
rod,  Avhereas  a  thrust  must  be  met  by  a  relatively  tliicker  and  more 
rigid  bar,  called  a  strut. 

A  common  form  of  framework  is  shown  in  Fig.  32.     Here  the 
strength    of   the    girder   or   beam   is    greatly    increased    by   two 
struts  and  the  tics  AC,  CD,  DB. 
17 
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In  the  Suspension  Bridge  .shown  in  Fig.  33  it  is  clear  that 
the  A^arious   parts  of  tlie  platform,  forming  the  roadway  of  the 


A  © 


©   B 


C  D 

Fig.  32.  -  Diagram  of  supporting  framework. 

bridge,  are  supported  by  a  series  of  vertical  rods  hanging  from  the 
chain.      The   main  support  of  the  bridge  lies  in  the  chain,  and 


Fig.  33.— The  Suspension  Bridge. 

this  is  lirmly  attached  at  each  end,  outside  the  piers  A  and  B. 
The  space  to  be  bridged  over  may  be  too  great  to  be  spanned  by 


Fig.  34.  -  The  Bowstrinc;  Girder. 


a    single    continuous  girder,   though  the   parts   may    be    riveted 
together,  and  some  rigiditv  gained  in  that  wav. 


DESIGN  AND  MATERIAL  OF  STRUCTURES     259 

In  another  form  of  framework-bridge,  the  roadway  is  sus- 
pended from  an  arch  placed  above  it,  as  shown  in  Fig.  34. 
The  platform  carrying  the  roadway  serves  as  a  tie  taking  the 
strain  of  the  arcli,  which  tends  to  flatten  with  its  load,  in  the 
fashion  of  a  strnng  bow.  For  this  reason  it  is  called  the  Bow- 
string Girder. 

The  inverted  form  of  the  suspension  bridge  is  seen  in  Fig.  35. 
Here  we  have  the  Parabolic  Arch,  the  parabola  being  a  curve 
which  is  also  used  in  the  suspension  bridge.  The  load  now 
presses  upon  the  arch  instead  of  hanging  from  it,  and  the  vertical 


Fig.  35. — The  Paraljolic  Arch. 

rods  are  compressed,  instead  of  being  in  tension,  as  occurs  in  the 
suspension  bridge. 

Design  and  Material  of  Structures. 

It  is  clear  that  the  design  and  material,  employed  in  struc- 
tures, must  be  considered  together.  The  arrangement  of  the 
material  must  be  such  as  will  agree  Avith  its  properties.  The  use 
of  stone  and  hricJcicork  for  support  against  the  heaviest  vertical 
compression  is  common,  and  its  use  for  foundations  is  essential. 
Hollow  iron  tubes  are  frequently  employed,  as  being  capable  of 
withstanding  great  compression.  For  bridging  over  spans,  either 
for  a  roof  or  to  carry  a  roadway,  light  fraineworks  of  wood  or  u'on 
are  needed,  and  some  of  the  frameworks  which  are  employed 
liave  been  described.  In  all  of  them,  there  are  two  properties 
of  solid  matter  to  be  considered,  its  resistance  to  compression 
and  extension.  The  material  which  offers  the  best  resistance  to 
these  stresses  is  employed  in  its  appropriate  position,  consider- 
ations of  expense  or  labour  not  interfering.  The  design  adopted 
will  be,  in  the  absence  of  limitations  due  to  the  requirements  of 
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taste,  that  which  permits  the  stresses,  likely  to  occur,  to  be  resisted 
most  directly  and  most  economically. 

The  behaviour  of  various  solids  to  the  different  stresses  can  be 
readily  ascertained  by  experiment.  And  the  thought  suggests 
itself  very  forcibly,  in  this  connection,  that  the  qualities  which 
are  most  characteristic  of  the  solid  body  are  those  which  are 
the  most  useful.  The  resistance  to  stress,  which  results  from  the 
cohesion  of  the  particles  of  a  solid,  i.e.  the  capacity  to  counteract  a 
pressure,  without  undergoing  an  alteration  of  shape,  marks  the 
solid.  And  on  every  occasion  when  solids  are  employed  in  struc- 
ture, cohesion  conies  into  prominence,  and  the  distinction  between 
solids  and  liquids  is  made  clear. 

Strength  op  Materials. 

A  few  observations  of  the  strength  and  stiffness  shown  by 
small  rods  of  steel  and  wood  will  afford  an  insight  into  the 
behaviours  of  larger  beams  under  loads,  and  Avill  give  an  indica- 
tion of  the  factors  which  have  to  be  considered  in  the  planning  of 
structures. 

The  strength  of  material  is  an  expression  denoting  the 
magnitiide  of  the  load  it  can  support  or  carry.  The  stiffness  of 
a  body  is  a  term  denoting  its  resistance  to  bending  or  deflection. 
Both  strength  and  stiffness  are  in  reality  ratios,  and  must  be 
taken  in  connection  with  the  dimensions  of  the  bodies  in  question. 
The  st7'ess  per  unit  of  area,  which  a  body  is  capable  of  bearing 
without  breaking,  stands  for  the  strength,  while  the  relative 
stiffness  of  two  bodies  will  be  estimated  by  the  loads  needed  to 
produce  the  same  deflection  in  each.  These  are  the  two  most 
important  properties  of  matter  to  be  considered  in  erecting  struc- 
tures, but  our  observations  are  confined  to  the  investigation  of 
deflection  alone,  inasmuch  as  experiments  on  the  breaking-stress 
are  surrounded  with  disadvantages  as  well  as  difficulties. 

The  Relation  of  Deflection  to  Load  and  to  Dimensions. 

A  rod   of  ordinary  tool  steel  is  supported  on  knife-edges.     A  load  is 
suspended  at  its  centre,   aud  tlie  deflection  produced  under  an  increasing 
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load  is  observed,  by  watching  tlie  movement  of  a  pointer  against  a  niillinietre 
scale  fixed  vertically  behind  the  rod.  The  pointer  may  be  arranged  by 
fixing  a  pin,  ■with  its  point  upwards,  by  means  of  wax,  npon  the  upper 
face  of  the  rod  at  its  centre. 

It  will  be  found,  that  deflection  is  directly  proportional  to  load,  pro- 
vided the  load  be  not  increased  beyond  a  certain  point.  Similar  observa- 
tions may  be  made  with  toooden  laths,  and  in  their  case,  too,  it  will  be 
found,  as  a  rule,  that  the  deflection  increases  with  the  load,  though  varia- 
tions in  texture  may  cause  irregularities  of  behaviour. 

Use  rods  of  twice  the  width,  or  place  two  rods  side  by  side,  and  notice 
that  the  deflections,  which  will  again  be  proportional  to  the  load,  are,  on 
each  occasion,  one-half  \\\\a,t  they  were  before.  The  deflection  of  a  beam  is 
inversely  2)ro2)ortional  to  the  breadth. 

Use  the  same  rods  as  before,  but  turn  them  on  their  side  and  ascertain 
the  bending  produced  by  various  loarls  in  this  case.  It  will  be  found,  that 
the  deflection  is  proportional  to  the  load,  but  it  is  much  smaller  in  each  case 
than  it  was  before.  An  increase  in  depth  adds  to  the  stiffness  of  a  beam 
/«/•  more  rapidlij  than  an  increase  in  width. 

Use  two  rods  of  the  same  width,  but  with  de^iths  in  the  ratio  of  2  to  1. 
Tlie  deflection  for  each  load  will  be  one-eighth  in  the  case  of  the  deeper  rod 
what  it  is  in  the  thinner  one.  The  henAmg  is  Iwvq  inversely  proportional 
to  the  cube  of  the  depth. 

It  is  evident,  that  the  most  effective  position  for  a  beam  is  that  in  which 
it  presents  its  largest  dimensions  to  the  pressure  it  has  to  resist.  A  beam 
l)laced  "  on  cd<jc"  in  ia,v  more  advantageously  used  than  when  it  is  jJaced 
flat. 

Similar  observations  may  be  made,  when  the  ends  are  _/?x-cc^  by  clamps, 
instead  of  being  merely  supported.  The  deflections  will  be  found  to  be 
considerably  less,  something  like  one-fourth  what  they  were  before. 

Again,  the  length  of  span  is  a  very  important  factor  in  these  experiments. 
It  will  be  found,  that  as  the  span  is  increased  the  bending  becomes  very 
marked.  The  results  observed  may  not  appear  to  follow  any  definite  law, 
but  the  extent  of  bending  will  increase  in  some  cases  apjiroximately  as  the 
cube  of  the  spian. 

DiMENsioxs  OF  Struts  and  Ties. 

It  will  be  obvious  that  the  resistance  of  a  rod  to  compression 
is  very  diflferent  from  its  resistance  to  extension.  If  we  consider 
for  one  moment  the  behaviour  of  a  very  thin  rod,  or  a  wire,  the 
distinction  becomes  clear.  A  wire  may  be  al)le  to  resist  a 
tension  nf  many  pounds'  weight,  while  its  capacity  to  resist 
compression  is  practically  nil. 
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Tlie  sliorter  a  bcjily,  the  greater  is  its  resistance  to  compression, 
and  its  resistance  also  increases  very  rapidly  Avith  its  thickness. 
The  loads  required  to  crush  short  thick  columns  are  too  great  to 
be  observed  experimentally.  The  slightest  bending  of  any  strut 
is  a  sign  of  danger  and  instability.  The  shape  of  struts,  and 
the  auxiliary  supports  needed  to  prevent  bending,  are  matters  of 
the  greatest  interest  to  engineers.  The  strength  of  a  tie  is  a  matter 
of  simpler  observation,  for  a  direct  pull  does  not  present  the  same 
irregularities  as  a  thrust. 

Conditions  of  Equilibrium. 

However  force  may  be  regarded,  whether  we  look  on  it  as 
existing  independently  of  the  changes  by  which  it  is  recognised, 
there  can  be  no  doubt  tliat  any  given  body  may,  on  account  of  its 
inertia,  be  unmoved  under  conditions,  which  Avould  bring  about 
the  displacement  of  a  smaller  quantity  of  matter.  It  is  incorrect 
to  say  that  such  a  body  is  uninfluenced  in  this  case.  Influenced 
it  must  be,  though  the  influence  be  not  observable.  It  is  only 
necessary  to  substitute  a  body  more  susceptible,  to  observe  that  a 
change  may  be  produced.  In  all  cases  where  any  displacement  of 
matter  is  possible,  a  body  is  either  actually  displaced  or  some 
strain  produced  in  it.  There  are  many  instances  in  which  this 
strain  escajies  detection,  owing  to  the  nature  of  the  body.  The 
solid,  for  example,  may  undergo  a  stress  without  visible  eff'ects 
being  produced,  whereas  a  liquid  may  be  readily  made  to  show  the 
existence  of  a  very  slight  stress.  The  susceptibility  of  a  gas  to 
change  of  temperature  (which  is  indicated  when  it  is  enclosed  in  a 
vessel  so  as  to  freely  admit  of  an  extension  of  volume,  an  arrange- 
ment adopted  in  the  air-iliermometer)  and  also  the  ready  move- 
ment of  a  liquid  luider  change  of  pressure,  as  shown  in  a  barometer, 
plainly  illustrate  this  statement. 

Attention  has  been  directed  in  the  last  chapter  to  the  existence 
of  a  universal  resistance  to  change,  and  that,  in  order  to  overcome 
this  resistance,  eff'ort  is  needed.  Another  aspect  of  the  same  state 
of  affairs  presents  itself  in  the  fact,  that  every  body,  every  portion 
of  matter,  whatever  may  be  its  locality  and  circumstances,  is  in  a 
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state  of  stress.  Xowliere  do  we  come  across  matter  free  from 
stress,  and  in  most  cases  it  is  suffering  a  complication  of  stresses. 

It  is  not  difficult  to  imagine  situations  in  which  this  statement 
would  not  hold,  and  it  has  become  necessary,  in  the  pursuit  of 
science,  to  consider  and  reason  about  bodies,  free  from  the  influ- 
ences under  which  we  know  them  to  exist.  Yet  important  as  this 
knowledge  of  the  behaviour  of  bodies  under  ideal  conditions  may 
be,  and  greatly  as  it  may  increase  our  understandmg  of  the  actual 
world,  it  must  not  be  forgotten,  that  all  such  ahstrad  science  is 
based  upon  observations  of  the  world  as  it  is,  nor  must  we  lose 
sight  of  the  fact,  that  the  world  in  which  we  practise  is  very 
different  from  the  world  of  abstract  mechanics. 

The  first  law  of  motion,^  as  laid  down  by  Newton,  gives  an 
excellent  illustration  of  this  principle.  The  conditions  necessary 
for  it  are  not  possible  on  the  earth.  Nowhere  does  such  an  event 
as  perpetual  motion  come  before  us,  unless  we  include  in  our 
observations  the  movements  of  the  earth  as  a  whole,  and  of  similar 
bodies  m  space.  But  not  even  in  these  bodies  do  we  ever  perceive 
perpetual  motion  in  a  straight  line.  Yet  the  statement  made  in 
that  law  fits  in  with  all  the  rest  of  our  knowledge  about  moving 
bodies,  and  we  are  convinced  of  its  truth,  that  every  body  persists 
in  its  state  of  rest  or  motion,  except  so  far  as  it  is  restrained  by 
force.  There  is,  in  truth,  no  experience  which  is  at  variance 
with  this  statement,  and  the  more  closely  its  conditions  are 
obeyed,  the  more  closely  do  we  approximate  to  the  fact.  ]\Iore- 
over,  no  fuller  or  wider  statement  than  this,  regarding  the  motion 
of  bodies,  has  ever  been  suggested. 

The  universal  existence  of  stress  and  the  constancy  of  inertia 
are  facts,  which  force  upon  us  the  necessity  of  investigation  and 
intpiiry.  The  conditions  which  conduce  to  equilibrium  may  be 
conveniently  dealt.  Avith  in  the  first  place,  and  we  mean  by  equili- 
brium a  state  of  rest  with  regard  to  surrounding  bodies,  which 
persists  in  spite  of  any  causes  tending  to  produce  change.  It  may 
appear  inconsistent  with  what  has  been  already  laid  down  to 
s[)eak  of  causes  tending  to  produce  change.  It  would  seem  that 
those  causes  are  only  too  ready  to  produce  their  effects,  and  that 

^  P.  238. 
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a  state  of  change  is  a  normal  one.  But  this  is  not  true.  The 
normal  state  of  affairs  is  one  of  equilibrium.  Xo  change  can 
take  place  unless  that  state  of  equilibrium  is  hrst  of  all  disturbed, 
and  it  is  not  strictly  necessary  to  assume  that  a  tendency  to 
change  always  exists  independently  of  this  disturbance.  But 
without  attempting  to  revise  this  hypothesis,  we  shall  find  that 
it  furnishes  us  with  a  very  convenient  scheme  of  description, 
and  permits  many  diverse  facts  to  be  explained  in  a  manner 
which  has,  at  least,  the  merit  of  being  consistent. 

Simultaneous  Displacement  in  Two  Directions. 

Suppose  a  body  to  be  acted  on,  in  such  a  way  that  it  is  dis- 
placed along  a  path  AC,  in  a  given  interval  of  time.     Now  at  the 
c  termination  of  this  occur- 

rence, suppose  a  second 
cause,  no  matter  what  it 
may  be,  to  operate  so  that 
it  is  displaced,  in  the  same 
interval    of    time,    along 

Fig.  36.-Diagra,n  of  Displacement.       "     ^^^®      P'^<^^^      ^'^-        ^^^  .  ^^ 

clear,  then,  that  the  joint 

cli'ect  of  the   two   acts   of    displacement  is   the  same  as    if    the 

body  had  been  displaced  along  the  path  AB.     (The  final  effect, 

of  course,  is  that  the  body  has  been  moved  from  A  to  B.     The 

path  AB  itself  has  not  been  taken,  though  that  line  represents 

the  magnitude  of  the  displacement  on  this  or  any  other  occasion 

Avhen  the  body  is  moved  from  A  and  left  at  B.) 

In  the  next  place,  suppose  that  the  same  two  uniform  causes 
act  simuUaneo2idii  upon  the  body.  Then  it  can  be  proved,  that, 
during  the  interval  of  time  agreed  upon,  the  body  will  necessarily 
have  moved  along  the  path  AB,  and  no  other.  But  the  diagram 
here  drawn  (Fig.  36),  may  be  put  to  still  further  use,  and  the 
statement  already  made  introduces  us  to  a  further  deveL  iimient. 

Instead  of  limiting  ourselves  to  the  single  instance,  we  may 
say,  that  any  one  side  of  a  triangle  may  be  taken  to  represent  in 
magnitude    and    direction    the    displacement   occurring,   when    a 
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given  body  is  simultanc'ously  acted  on  by  two  causes,  able  to 
produce,  in  the  same  interval  of  time,  if  each  acted  separately, 
displacements  represented  in  magnitude  and  direction  by  the  other 
two  sides  of  the  triangle. 

Moreover,  a  similar  statement  may  be  made  about  any  number 
of  displacements,  provided  they  can  be  separately  and  consecu- 
tively represented  in  magnitude  and  direction  by  the  sides  of  any 
enclosed  figure.  Little  consideration  is  needed  to  understand  why 
it  must  be  an  enclosed  figure.  To  represent  faithfully  a  body 
under  the  simultaneous  action  of  two  agents,  where  one  line  ends, 
the  other  must  begin,  and  we  have  to  imagine  each  effect  produced 
independently. 

The  body  is  supposed  to  travel,  for  example,  along  AC,  and 
then  along  BG.  As  a  matter  of  fact  it  travels  along  AB.  But 
the  chief  value  of  this  mode  of  representation  will  be  found  in 
the  fact,  that  AC  and  CB  represent  the  agents  themselves  quite 
as  much  as  the  effects  they  would  separately  produce.  And  AB 
stands  for  the  joint  agency  as  well  as  the  joint  result. 

Each  force  creates  its  independent  displacement,  and  the  extent 
of  the  displacement,  in  the  unit  of  time,  serves  as  a  measure  of 
the  force.  There  is  nothing  to  be  learnt  about  force,  except  its 
magnitude  and  line  of  action.  The  magnitude  is  ascertained  from 
the  dis})lacement  acquired  during  the  unit  of  time,  and  forces  may 
bo  compared  l)y  the  displacements  taking  place  in  equal  periods  of 
time.  For  this  reason,  lengths  of  line  afford  a  convenient  mode  of 
recording  the  magnitudes  of  forces,  and  it  is  clear  that  the  path 
(direction  and  position)  of  a  force  can  be  readily  indicated  by  a  line. 

Moreover,  since  the  lines  are  drawn  to  represent  the  displace- 
ments which  would  take  place  in  the  same  interval  of  time,  Ave 
may  likewise  consider  them  to  represent  velocities.  We  then 
have  a  diagram  of  velocities,  instead  of  a  diagram  of  displace- 
ments. We  may  now  say,  that  when  two  forces  (for  it  may  be 
admitted  that  throughout  this  exposition  the  word  agent  or  cause 
has  been  used  instead  of  the  more  customary  term  force)  act  upon 
a  body  at  the  same  time,  the  resultant  force  may  be  caknilated, 
in  direction  and  magnitude,  by  the  same  mode  of  reasoning  as  we 
have  just  given. 
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Now  when  it  is  realised,  that  the  joint  effect  of  two  or  more 
agents  or  forces  is  readily  to  be  ascertained,  we  may  go  a  step 
farther,  and  perceive,  that  an  agent  or  force,  which  in  its  effect  is 
equal  and  opposite  to  their  resultant,  is  capable  of  counteracting 
them,  and  it  becomes  the  necessary  condition  of  equilibrium. 

In  order  to  maintain  a  body  in  equilibrium,  when  it  is  under 
the  ijifluence  of  known  forces,  their  residtant  must  be  found  and 
counteracted. 

The  magnitude  of   this   required   force   is    equal   to   that   of 

the  resultant ;  its  direc- 
tion is  directly  opjyosed  to 
that  of  the  resultant. 

In  the  arrangement 
of  the  parts  of  a  structure, 
or  a  machine,  the  prin- 
ciples which  govern  the 
relations  of  component 
forces  and  their  resultants 
are  boimd  to  be  con- 
sidered. That  construc- 
tion is  the  best,  in  which 
the  pressures  are  received 
by  material,  so  placed 
that  they  are  counter- 
acted in  the  most  efficient 
way.  Tlie  parts  must  be 
placed  in  a  position  to 
meet  the  pressures  along  their  line  of  greatest  strength.  In 
the  case  of  structures,  the  equilibrium  will  then  be  the  most 
stable,  and  in  the  case  of  machinery,  the  motions  will  be  the  most 
rigidly  constrained. 


Fig.  ol. — Apparatus   for   observations   on  tliree 
forces  ill  equilil)riuin. 


Observations  op  Three  Forces  in  Equilibrium. 

By  means  of  cords  passing  over  pulleys  (as  shown  in  Fig.  37),  with 
different  weights  attached  to  their  free  ends,  the  conditions  under  which  two 
forces  balance  a  third  may  be  ascertained.  A  suitable  weight  is  attached  to 
a  third  cord  for  the  purpose  of  balance.     The  conditions  ascertained  will  be 


THREE  FORCES  IN  EQUILIBRIUM  267 

simply  a  question  of  the  direction  in  which  the  forces  act,  and  this  is  sliown 
by  the  shifting  position  taken  up  by  the  cords  as  the  weights  are  varied.  A 
small  ring  serves  as  the  meeting-point  of  the  three  tensions. 

The  true  value  of  the  tensions  may  be  disguised  by  friction  in  tlie  cords 
or  pulleys,  but  this  may  be  overcome,  by  slightly  displacing  the  cords  and 
allowing  them  to  run  back  freely. 

A  board,  with  piaper  pinned  on  it,  is  placed  at  the  back  of  the  cords,  and 
this  permits  the  position  of  the  cords  to  be  traced  on  it. 

Remove  the  pai>er,  and  mark  off,  along  the  lines  rei^rcsenting  the  direc- 
tion of  the  forces,  distances  which  represent  the  magnitude  of  the  forces 
engaged.  For  every  unit  of  force,  say  the  weight  of  one  ounce,  allow  a  unit 
of  length,  say  one  inch. 

Vary  the  weights  and  take  a  number  of  observations,  keeping  the  papers 
separate,  and  marking  the  magnitude  of  the  forces. 

At  the  end  of  your  observations  show  on  each  diagram,  that  the  vertical 
line,  if  produced  upwards  to  a  distance  representing  the  magnitude  of  the 
force  engaged,  will  form  the  diagonal  of  a  xmrallclogram,  of  which  the  two 
other  lines  represent  adjacent  sides. 

Or,  if  tii'o  forces,  acting  at  a  jioint,  he  represented  in  magni- 
tude and  direction  hy  the  adjacent  sides  of  a  2)arallelogram  ivhich 
meet  at  the  point,  then  tlieir  resultant  is  re2:)resented  in  magnitude 
and  direction  hy  the  diago7ial  of  the  parallelogram  passing  through 
that  point. 

Again,  a  little  consideration  of  the  lines  will  show,  that  in  all 
cases,  when  three  forces  are  in  equilibrium,  they  may  be  repre- 
sented, in  magnitude  and  direction  by  three  sides  of  a  triangle 
taken  consecutively. 

This  important  condition  for  equilibrium  between  three  forces 
may  be  further  illustrated,  and  it  is  imperative  that  it  shoidd 
be  thoroughly  understood,  because  of  its  frequent  application  ui 
practical  affairs.  It  may  be  pointed  out  at  this  stage,  that  we 
have  spoken  of  one  of  the  forces  as  the  resultant  of  the  other  two, 
but  it  is  clear  that  any  one  of  the  forces  may  be  looked  on  as  the 
resultant  of  the  otlier  two.  It  is  a  matter  of  indifference  which 
one  we  select.  There  is  equilibrium  between  all  three,  and  any 
one  may  be  regarded  as  the  cause  of  equilibrium  when  combined 
Avith  the  others. 

Tension  in  Cords. — A  slight  modification  of  the  apparatus  employed 
in    the   last   experiment  will   lead  to  interesting  results.     Fix  two  s]iring 
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extension-measurers  l)y  cords  to  hooks  (Fig.  38),  and  attach  the  other  ends 
of  the  springs  by  short  lengths  of  cord  to  a  ring,  and  also  hang  a  weight  to 
the  ring.  It  will  be  found  not  only  that  the  extension  of  the  springs  varies 
with  the  weight,  but  that  it  varies  with  the  angle  made  by  the  cords  carry- 
ing the  springs.  This  angle  may 
lie  varied  by  adjusting  the  length 
of  the  cords,  and  also  by  shifting 
the  point  of  attachment  of  one  of 
the  springs. 

Paper,    pinned    to   a   boaitl   at 
\.  /  the  back  of  the  cords,  permits  the 

direction  of  the  forces  to  be  drawn 
upon  it,  and  their  magnitude  may 
be  represented  graphically  as 
before. 


The  priiici])le  already  de- 
scribed will  be  found  to  hold 
good  on  all  occasions,  if  the 
tensions  are  made  to 
The  condition  again 
true,  that  all  three 
shall  be  capable  of 
sentation,    as    regards 


Fig.  38. — Ajjparatus  lor 
in  cords. 


iliowiiiK  tension 


vary, 
holds 
forces 
repre- 
magni- 
tude    and    direction,    by    the 


sides  of  a  trianule  taken   in  order. 


If  a  cord  carrying  two  spiings,  with  a  ring  at  its  centre,  is  now  tightly 
stretched  in  a  horizontal  position,  so  as  to  cause  a  considerable  extension  of 
the  springs,  it  will  be  found,  that  a  very  slight  weight,  attached  to  the  ring  at 
the  centre,  is  capable  of  dcilect-    ^ 
ing  the  cord  from  the  straight 
line,  and  capable  of  extending 
the  springs  very  considerably. 
When  the  triangle,  representing 
the  forces,  assumes  the  shape  of 
Fig.  39,  a  vcrij  small  force  is  found  to  balance  two  very  coiksidcruhlc  forces. 

A  practical  illustration  of  this  occurs,  when  a  very  tightly  strung  chain 
is  broken,  as  it  may  easily  be,  by  a  thin  cord,  fastened  at  its  centre  and 
pulled  at  right  angles  to  it.  Or,  again,  when  a  piece  of  cotton  is  passed 
through  the  ring  of  a  two-pound  weight,  wdiich  it  is  easily  capable  of  raising 
when  the  two  ends  are  kept  together,  the  tension  required  to  balance  the 
weight   becomes  so  great,   when  the  ends  are  separated,   that  the  cotton 
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breaks.     The   larger  the  angle  made   by  the  two  parts  of  the  cotton,  tJii 
greater  the  tension  becomes,  until  the  snapi)ing-point  is  reached. 


Fig.  40. — Apparatus  to  show  variation  of  tension  due  to  position 
in  a  strine. 


the  same 
the  cord 


A  cord,  fastened  at  one  end  and  free  at  the  other,  will  show 
result,  if  a  spring  be  inserted  in  the  cord.  A  weight  hangs  from 
as  shown  (Fig.  40).  It  may  be 
assumed  that  the  tension  of  the 
cord  is  the  same  throughout.  When 
the  angle  made  by  the  two  parts 
of  the  cord  is  made  larger,  the  ten- 
sion increases.  When  the  cord  is 
stretched  as  near  as  possible  to  a 
straight  line,  its  tension  is  at  the 
maximum. 

Note,  that  if  any  weight  is 
capable  of  bending  the  cord  at  all, 
no  force,  horcever  great,  can  stretch 
the  cord  again  to  a  perfectly 
straight  line.  Did  this  occur,  we 
should  have  an  instance  of  one  force 
held  in  erpiilibrium  by  others  act- 
ing at  right  angles  to  it. 


coxdition    for   the   equili- 
brium   of    imore    than 
Three  Forces. 
An    extension    of  the    results, 

embodied  in  the  proposition  known 

as  the  parallel ogi-am  of  forces,  ma}'- 

lie  obtained    by  arranging  for  more  than  three  forces  to  meet  at  a  point. 

This  may  be  carried  out  on  the  same  plan  as  before,  using  four  pulleys, 

instead  of  two  (Fig.  41). 


Fig.  41. — Apparatus  for  illustrating  con- 
ditions for  equilibrium  of  four  forces. 
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If  the  forces  here  exerted  are  again  represented,  in  direction  and  magni- 
tude, by  lines  draum  in  succession  on  paper,  every  fresh  line  starting  where 
the  last  one  ended,  it  will  be  found  that  a  closed  figure  is  obtained. 

Several  observations  should  be  made,  varying  the  forces  by  using 
different  weights  on  each  occasion,  and  the  following  proposition  will  be 
found  to  be  true,  if  we  make  allowance  for  slight  inaccuracies,  due  to 
friction  at  the  pulleys  or  to  stiffness  in  the  cords. 

If  any  number  of  forces,  acting  at  a  jooint,  he  in  equilibrium, 
then  lines  drawn  from  end  to  end,  to  re2:)resent  the  forces  in  mar/ni- 
tude,  direction,  and  order,  will  form  a  closed  polygon.  This  is 
known  as  the  proposition  of  the  Polygon  of  Forces. 

Examples  of  Solid  Constraints  affecting  the  Conditions 
OF  Equilibrium. 

The    Inclined    Plane. — A   body,  supported  on   a   smooth 


Fig.  42.— The  Inclined  Plane. 


inclined   plane,  is   maintained   at    rest,   by    a   force  considerably 
smaller  than  that  due  to  its  own  weight. 

A  smooth  board,  hinged  at  its  base,  so  as  to  admit  of  the  angle  which  it 
forms  with  the  horizontal  being  varied,  is  required.  A  pulley,  capable  of 
being  raised  or  lowered  vertically,  is  fixed  near  the  top.  Over  this  a  cord 
glasses,  and  maintains  the  object  at  rest  upon  the  plane.     In  order  to  avoid, 


EXAMPLES  OF  SOLID  CONSTRAINTS 


271 


as  far  as  possible,  the  effects  of  friction,  this  object  runs  on  wheels.  A  ledge 
fixed  on  it  permits  additional  weight  to  be  given  to  it.  The  force  needed  to 
maintain  this  body  at  rest  is  estimated  by  the  weights  placed  in  the  pan 
at  the  end  of  the  cord.  Fig.  42  illustrates  a  suitable  form  of  apparatus. 
Various  observations  may  be  made  : 

First,  an  inde}iendent  experiment  to  show  that  a  rough  hodj,  a  block  of 
wood,  for  example,  may  be  supported  on  a  rough  board  hj  friction  alone, 
even  when  the  board  is  inclined  at  a  considerable  angle — 

Second,  the  forces  needed  to  balance  varying  forces  acting  down  the 
plane,  that  is,  the  forces  due  to  various  weights  on  the  plane — 

Third,  the  varying  force  needed  to  maintain  equilibrium,  as  the  angle 
of  the  plane  is  increased.     As  the  angle  increases  this  force  increases. 


Fig.  4.3 


lu  these  experiments  we 
may  observe  a  series  of  states 
of  equilibrium,  in  all  of  Avhich 
the  principle  of  the  triangle  of 
forces  comes  into  view.  Three 
forces  are  engaged,  the  weight 
of  the  hodij,  the  resistance  of 
the  plane,  and,  lastly,  the  tension 
of  the  cord,  Avhich  may  be 
regarded  as  counteracting  the 
other  two,  that  is,  balancing  the 
resultant  of  the  other  tAvo  forces. 

The  weight  acts  vertically. 
The  resistance  of  the  solid  plane 
is  at  right  angles  to  its  surface,  and  the  support  given  by  the 
tension  of  the  cord  is  along  the  plane.  Fig.  43  illustrates  the 
direction  in  which  the  several  forces  act.  It  only  remains  to 
consider  their  relative  magnitudes. 

The  magnitude  of  two  of  tlie  forces  is  already  known,  namely, 
the  weight  and  the  support.  Draw  lines  to  represent  these  two 
forces  in  magnitude  and  direction,  then  the  line  joining  their 
extremities  represents  in  dhection  and  magnitude  the  resistance  of 

W 

the  plane.     The  ratio  of  the  weight  to  the  support  (or  ~^)  measures 

the  mechanical  advantage  of  the  plane.     A  little  reflection 
will  make  this  clear. 


Diagram  of  direction  of  forces 
on  an  inclined  plane. 
ir  =  Weight.  5"= Support. 

/i  =  Resistance  of  Plane. 
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The  diagram  shown  in  Fig.  44  expresses  the  conditions 
necessary  for  the  equiHbriuni  of  a  body  resting  on  a  plane.  It  is 
evident,  that  tlie  triangle  representing  the  forces  is  similar  to  the 
right-angled  triangle  containing  the  angle  of  the  plane  itself,  and, 
consequently,  the  relation  of  the  forces  in  action  will  vary  with 
the  angle  of  the  plane.  The  base  of  the  plane  corresponds  with 
the  line  in  the  triangle  of  forces  Avhich  represents  the  reaction  of 
the  plane.     The  length  of  the  plane  corresponds  with  the  weight 

of  the  object.  And 
the  height  of  the  plane 
corresponds  Avith  the 
force  along  the  pl<^ne. 

Constraint  due  to  a 
KiGiD  Bar.  The 
Lever. 

The  mntnal  changes 
Fig.  44. — Diagram  expressing  conJitious  necessary     occurring   thronch   the 
for  the  equilibrium  of  a  body  resting  on  a  t  j?      i  i 

,  ^  JO  medium  oi  a  lever  have 

plane. 

aheady  been  described. 
It  has  been  shown,  that  the  situation  Avith  regard  to  the  principle 
of  work  is  easy  to  understand.  The  effort  expended  is  equal, 
and  exactly  equal,  no  more,  no  less,  to  the  work  done.  But  we 
have  not  yet  considered  the  manner  in  which  the  lever   serves 

as  a  means  of  gaining  mechanical  advantage. 

There  is  no  antagonism,  in  the  use  of  the  lever,  to  the  great 
principle,  that  the  effort  expended  is  equal  to  the  work  done,  or, 
to  express  the  same  fact  in  different  words,  that  the  quantity  of 
work  done  at  each  end  of  the  lever  is  the  same.  There  is  no 
contradiction  here,  indeed,  to  the  statement,  that  energy  can  never 
he  increased  or  destroyed.  In  the  lever  and  in  other  machines, 
all  that  we  can  do  is  to  transform  energy  or  change  its  situation, 
in  a  manner  convenient  to  ourselves.  And  Ave  are  enabled  to  do 
this,  through  the  constraint  exercised  by  a  solid  body,  just  as  Ave 
were  able  to  utilise  the  constraint  of  an  inclined  plane  for  the 
partial  support  of  a  Aveight. 


CONSTRAINT  DUE  TO  A  RIGID  BAR         27; 


Apparatus. — A  rigid  bar  is  sup[)orted  at  a  given  point  called  the 
falcnnu:  To  permit  freedom  of  movement,  the  fulcrum  should  he  a  knife- 
edge.  The  bar  may  he  of  thin  iron,  placed  on  its  narrower  face,  in  which 
position  it  is  less  liable  to  bend.  (For  the  same  reason,  beams  and  rafters 
are  always  placed  so  as  to  submit  the  larger  dimensions  to  the  greater 
stress.)  It  is  marked  by  vertical  lines  at  equal  intervals,  say  inches  or  half- 
inches.     Weights  may  be  attached  by  means  of  S-hooks  of  wire. 

In  investigating  the  action  of  a  lever,  Ave  must  not  lose  sight 
of  the  fact,  that  the  material,  of  which  the  lever  itself  is  made,  is 
under  the  action  of  (jravitij.     If  the  total  quantity  of  matter  of 


Fig.  45. — Apparatus  arranged  for  experiments  on  the  lever. 
The  weight  of  the  lever  is  balanced  by  the  weight  (IT) 
attached  to  the  cord  passing  over  the  pulley  {P). 

each  side  of  a  blunt  fulcrum^is  exactly  the  same,  it  may  be  possible 
with  great  care  to  balance  the  lever  at  tliis  point.  If  the  mate- 
rial be  homogeneous,  this  point  would  be  at  its  geometrical 
centre.  In  this  case,  the  length  of  lever  on  each  side  of  the 
fulcrum  would  be  the  same.  In  other  words,  the  arms  of  the 
lever  would  be  equal. 

But  it  is  useful  to  be  able  to  vary  the  length  of  the  arms  at  which  our 
forces  operate,  and  we  need,  for  our  observations  to  be  con-ect,  to  overcoine 
the  weight  of  the  lever  itself.  This  may  be  readily  done  by  supporting  the 
lever  from  its  centre,  by  the  aid  of  a  cord  passing  over  a  pulley  and  cairying 
a  weight,  as  shown  in  Fig.  45.  The  weight  may  easily  be  adjusted  to 
balance  the  lever,  so  that  its  own  weight  need  not  be  taken  into  account, 
and  we  may  make  use  of  its  riyklUjj  alone.  The  length  of  the  arms  mav 
18 
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now  be  varied  at  will,  and  the  weights  which  are  utilised  as  forces  may  be 
placed  at  any  position,  without  it  being  at  all  necessary  to  take  into  con- 
sideration the  forces  due  to  the  weight  of  the  arms  themselves. 

Prove  with  this  apparatus,  by  varying  the  weights  and  their  distances 
from  the  fulcrum,  that  the  jwoduct  of  the  force  mulliplicd  by  Us  distance  from 
the  fulcrum  is  the  same  for  both  arms,  and  that  the  greater  the  distance 
away  from  the  fulcrum  at  which  a  force  is  applied,  the  greater  is  the  force 
on  the  other  side  of  the  fulcrum  which  it  can  balance. 

The  product  of  a  force  into  tlie  perpendicular  distance  of  its 
line  of  action,  from  the  jioint  on  Avliich  the  hody  turns,  is  cabled 
the  moment  of  the  force  about  the  point.  The  moments  on 
each  side  of  a  lever  at  rest  must  be  equal.  For  a  given  force,  the 
moment  (or  torque)  is  greater,  the  farther  the  application  of  the  force 
is  a^vay  from  the  point  or  axis  on  which  the  body  turns. 

In  the  case  of  the  lever  here  illustrated,  the  two  moments 
tend  to  turn  the  body  in  opposite  directions,  but,  since  they  are 
equal,  no  turning  occurs.  Eut  it  must  not  be  forgotten,  that  these 
two  opposed  moments  can  only  balance  one  another  by  means  of 
the  properties  of  the  solid  upon  which  they  act.  There  must  be 
a  state  of  constraint  in  tJie  lever  itself,  whicli  foiius  another  and 
an  important  item  in  the  balance.  Two  equal  moments  and  a 
strain  bring  about  the  equilibrium. 

And  a  similar  statement  may  be  made  about  the  inclined 
plane.  Two  forces,  the  weight  of  the  body  at  rest  on  the  plane, 
and  the  tension  of  the  cord  along  the  plane,  balance  one  another  by 
vieans  of  the  resistance  of  the  qdane  to  compression.  The  smaller 
the  tension  of  the  cord  for  a  given  weight,  the  gi-eater  the 
pressure  upon,  and  consequent  reaction  of,  the  inclined  plane  itself. 

A  bell-crank  lever  turning  on  an  iron  pin  and  having  a  spring-measurer 
attached  to  its  shortei-  arm,  as  shown  in  illustration  (Fig.  46),  permits  of 
various  observations  being  taken.  The  moment  of  turning,  shown  by  the 
extension  of  the  spring,  will  be  found  proportional  to  the  product  of  the 
weight  emi)loyed  on  the  longer  arm  and  its  distance  from  tlie  fulcrum. 

The  Restraints  needed  in  Conversion  of  Rectilinear 
INTO  Circular  Motion. 

In  the  action  of  the  piston  of  a  steam-engine,  with  its  con- 
necting-rod  and    crank,   we    have    a   familiar    example  of    con- 
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version  of  motion.  On  inspecting  the  same,  it  will  be  seen, 
that  the  necessary  constraint  is  obtained  from  very  solidly  bedded 
guides,  and  very  firm  and  true  pinnhuj  at  two  positions.  In  all 
kinds  of  machinery  we  lind  illustrations  of  these  two  main 
methods  of   constraining  motion   and  rendering  it  determinate, 


Fig.  46.— Tlie  Bell-crank  Lever. 

namely,  (1)  ilie  groove  or  slot  to  allow  sliding  alone,  and  (2)  the 

pin  and  eye  to  alloic  onhj  turning.     The  effect  obtained  is  that  of 

a  very  true  reciprocating  (to-and-fro)  motion  giving  rise  to  a 

circular  motion,  and  the  component  movements  engaged  in  this 

process  are  the  oscillation  of  the  connecting-rod  upon  its  pin,  and 
c 


Fig.  47. — Apparatus  lor  converting  rectilinear  into  circular 
motion. 

the  complete  turn  of  the  crank  upon  the  pin  which  connects  it 
with  the  rod. 

The  link-work  eniployed  both  for  this  purpose  and  also,  in  the  opposite 
direction,  for  the  j)urpose  of  obtainiBg  reciprocating  motion  in  the  slide- 
valve  from  the  circular  motion  of  the  shaft,  is  best  understood  by  cutting 
out  pieces  of  cardboard,  or,  still  better,  prejiaiing  '.voodcn  models.  In 
Fig.  47  the  block  A  stands  for  the  cross-head  of  the  piston.  It  recipro- 
cates between  the  wooden  guide-bars,  and  the  connecting-rod  turns  on  the 
pin  B  fixed  in  the  block.  The  other  end  of  the  rod,  being  constrained  by 
the  pin  C,  makes  a  complete  circle.  Note  that  there  is  a  dead-point  in  one 
of  the  conversions. 
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The  model  shown  in  Fig.  48  demonstrates,  that  circular  motion  may  Le 
obtained  by  two  linear  constraints,  placed  at  riglit  angles  to  one  another. 
Tlie  reciprocating  motion  of  the  bar  A  between  its  guides  causes  the  block 
B  to  describe  a  circle  when  constrained  by  the  crank  C  and  the  slot  in  the 
cross-piece. 

Friction. — Wherever  constraint  is  exercised,  and  wherever 
one  surface  moves  in  contact  with  another,  there  rubbing  or 
friction  must  occur,  and  loss  of  energy  must  take  place. 
Wherever  motion  is  constrained,  and  constraint  is  the  essential 
function  of  mechanism,  the  object  is  to  lessen  the  loss  as  far 
as  possible.     Wherever  one  surface  turns  or  slides  upon  another. 


P^ 


1^ 


11 


Fig.  48. — Model  for  demonstrating  how  circular  motion  may  be 
obtained  by  two  linear  constraints  jilaced  at  riglit  angles  to  cue 
another. 

material  which  resists  wearing  and  grinding  must  be  employed, 
and  it  must  be  smooth  and  well  lubricated.  The  existence  and 
magnitude  of  friction  may  be  readily  demonstrated  by  a  few 
experiments. 

Place  a  heavy  body,  a  7  lb.  weight,  for  example,  upon  a  straight  board, 
and  note  that  the  board  may  be  turned  through  a  considerable  angle  before 
the  weight  begins  to  slide. 

From  our  observation  of  the  conditions  of  equilibrium  for  a 
body  resting  on  an  inclined  plane,  we  know  that  the  body  is 
prevented  from  sliding  by  something  which  is  equivalent  to  a 
force  acting  up  the  plane.     Motion  down  the  plane  is  restrained 
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in  this  case  b}^  that  which  is  equivalent  to  a  force  in  tlie  opposite 
direction.     A7id  this  is  fridion. 

Friction  opposes  the  relative  motion  of  bodies  in  contact, 
because  motion  under  these  circumstances  implies  a  certain 
amount  of  icorl:  being  done  in  the  wearing  away  of  the  surface 
in  contact.  And  as  this  work  is  not  part  of  the  scheme  of 
mechanism,  and  would  be  avoided  if  possible,  wherever  friction 
occurs,  energy,  as  a  rule,  ceases  to  be  available. 

It  sometimes  occurs  that  friction  is  utilised.  For  example, 
the  friction  between  belting  and  pulleys  serves  to  hand  on  energy 
from  one  shaft  to  another,  and  the  friction  between  the  rails  and 
the  wheels  of  a  locomotive  causes  the  locomotion.  But  it  is  most 
commonly  a  cause  of  a  serious  loss  of  efficiency  in  mechanism,  in 
other  words,  the  energy  leaving  the  mechanism  is  not  equal  to  that 
irhich  enters  it. 


Observations  op  Frictiox — Sliding  Surfaces. 
A  Hat  S([uare  board  is  provided  with  a  small  liook,  to  which  a  cord  may 


Fig.  49. — Apparatus  for  observations  on  friction. 

lae  attached,  at  the  centre  of  one  end  face.  The  surface  of  the  board  is 
planed,  and  it  is  placed  so  as  to  be  able  to  slide  upon  the  surface  of  a  longer 
planed  board,  on  the  end  of  whicli  a  pulley  is  fixed  as  shown  in  Fig.  49. 
The  pulley  is  fixed  so  that  a  cord  passing  over  it  may  exert  a  straight  pull 
upon  the  sliding  board.  Difl'erent  sliders  may  be  used,  varying  the  nature  of 
the  wood  and  the  direction  of  the  grain,  and  different  weights  may  be  placed 
upon  the  slider,  in  order  to  judge  the  effect  of  varying  jiressures  upon  the 
surfaces  in  contact. 
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Tlic  force  needed  to  overcome  friction  is  estimated  by  the 
weights  which  have  to  be  added  to  the  pan  at  the  end  of  the 
cord.  But  it  is  important,  if  correct  vahies  are  to  be  obtained, 
that  the  surfaces  should  be  plane,  and  the  board  be  quite 
horizontal.     This  may  be  tested  by  a  spirit-level. 

It  will  be  found,  that  the  force 
needed  to  start  motion  is  not  the  same 
as  that  which  maintains  it  Avhen  once 
started.  The  friction  of  rest  is  greater 
than  the  friction  of  motion.  The 
weights  which  need  to  be  put  in  the 
pan,  in  order  to  start  steady  motion  of 
the  slider,  are  larger  than  those  which 
are  required  to  keej>  up  a  steady  motion, 
when  the  slider  has  been  started  by 
hand.  A  little  practice  will  enable  you 
to  hit  off  this  point  accurately.  If  too 
much  weight  be  added,  an  accelerated 
motion  will  be  produced.  This  must 
be  avoided  in  either  case. 

The  results  must  be  recorded  in  a 
tabular  form,  varying  pressures  between 
the  surfaces  of  contact  being  used, 
and  different  material  and  different  areas 
being  employed  for  the  sliding  surfaces. 


Fig.  50. — Arrangement  of  pul- 
ley and  weights  for  investi- 
gating friction  in  a  pulley. 


Friction  in  a  Pulley.  —  The  friction 
occurring  in  the  turning  of  various  kinds 
of  pulleys  should  lie  investigated,  and  the  change  made  in  the  value 
of  tlie  friction,  by  varying  the  loads  carried  by  the  pulleys,  should  be 
ascertained.  A  cord  passing  over  the  ]iulley  has  attached  to  it,  at  each 
end,  either  pans,  or,  what  are  more  convenient,  supj^orts  whicli  admit  of 
successive  weights  being  affixed  in  the  manner  illustrated  (Fig.  50).  Equal 
weights  are  attached  to  the  ends  of  the  thin  flexible  cord,  made  of  silk  by 
preference,  and  the  small  additional  weight  required  to  produce  a  slow 
movement  is  observed.  The  observations  should  be  recorded  in  a  table 
representing  both  the  loads  and  the  friction  for  each  load. 


CHAPTEE    XII 

PHENOMENA    DUE    TO   VIBRATIONS 

Matter  in  some  form  or  other  is  necessary  for  tlie  propagation 
of  sound.  Sound  is  usually  conveyed  to  our  ears  by  the  medium 
of  air,  hut  it  may  be  carried  by  any  elastic  material.  The  scratch- 
ing of  a  pin  on  an  iron  pipe  may  be  heard  at  some  distance  away 
by  placing  the  ear  against  the  pipe,  but  non-elastic  material, 
bricks  and  mortar,  for  example,  will  not  carry  sound.  Matter  is 
said  to  be  elastic,  when  a  large  stress  is  needed  to  produce  a 
strain  or  alteration  of  shape.  And  the  more  elastic  a  body  is, 
the  more  rapidly  does  it  resume  its  original  shape,  and  the  dis- 
tortion disappear,  when  the  stress  is  removed.  Glass  and  steel 
are  very  elastic  bodies,  whereas  indiarubber  is  very  extensible, 
but  not  elastic.  Liquids  are  elastic,  and  so  are  gases,  though  in  a 
less  degree.  The  elasticity  of  air  is  what  enables  it  to  convey 
sound. 

But  the  envelope  of  air  which  surrounds  the  earth  is  known 
to  be  limited  in  extent.  It  diminishes  in  density  rapidly  as  the 
distance  from  the  earth  increases,  and  it  cannot  be  regarded  as 
extending  very  far.  Some  other  medium  of  communication  is 
needed  for  the  transfer  of  radiant  energy  from  the  sun  and  other 
stars.  The  atmosphere  may  convey  the  disturbances  Avhich 
originate  sound,  but  it  cannot  connect  us  with  events  taking 
place  outside  its  limits.  The  existence  of  a  medium,  whereby 
energy  from  the  sun,  in  the  form  of  light  and  heat,  reaches  us, 
is  placed  beyond  doubt,  and  it  is  called  the  ether.  The  certainty 
with  which  we  are  able  to  infer  the  existence  of  this  ether  may 
be  judged  from  the  experiments  and  observations  to  be  found  in 
this  chapter. 
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It  is  confidently  believed,  that  an  elastic  substance  pervades 
the  whole  of  space,  and  that  the  propagation  of  radiant  energy 
from  one  locality  in  space  to  another  takes  place  l)y  a  wavedike 
motion  in  this  substance,  just  as  the  transmission  of  sound  takes 
place  by  a  wavedike  motion  in  the  atmosphere.  In  using  the 
term  suhsfance  in  describing  ether,  it  must  not  be  forgotten,  that 
ether  is  something  altogether  ludike  matter  as  we  recognise  it 
in  its  various  forms.  Matter  we  know,  by  its  properties^  its 
inertia,  and  its  susceptibility  to  the  action  of  energy;  but  the 
existence  of  ether  loe  can  only  infer,  from  the  phenomena  of 
radiation,  and  the  effects  of  light,  heat,  and  electricity.  And 
inasmuch  as  the  agent  of  these  changes  is  a  hypothetical  medium, 
and  the  changes  themselves  are  of  a  very  subtle  and  complex 
character,  it  is  evident  that  questions  connected  with  ether  must 
be  left  to  the  last  stage  of  our  course,  and  that  the  highest  mental 
qualities  are  needed  for  their  consideration.  It  is  as  well  to  state 
here,  that  the  facts  of  wave-motion  are  not  easy  to  understand 
when  they  are  observed  to  take  place  in  ordinary  phenomenal 
matter,  and  they  are  obviously  far  more  difficult  to  understand 
as  taking  place  in  a  hypothetical  medium,  the  existence  of  which 
is  only  known  to  us  indirectly  and  by  inference. 

The  phenomena  of  light  are,  unfortunately  perhaps,  capable  of 
very  superficial  treatment.  The  ordinary  geometrical  treatment 
of  reflection  and  refraction  is  very  easy  to  follow,  and  the  results 
are  perfectly  accurate.  But  it  is  based  upon  assumptions  which 
must  be  understood,  if  any  further  investigations  of  the  subject 
are  to  be  possible.  There  are  certain  serious  obstacles  to  a  proper 
comprehension  of  the  facts  of  light,  and  these  are  usually  slurred 
over  with  distinct  disadvantage  to  the  student.  In  what  follows 
we  shall  deal  with  the  more  obvious  and  superficial  results  of 
luminous  vibrations  in  the  first  place,  and  then  endeavour  to 
consider  them  from  the  point  of  view  of  ivaves  of  varying  ampli- 
tude, travelling  symmetrically  in  all  directions  in  a  universally 
existing  elastic  substance. 

But  before  we  deal  with  a  state  of  affairs  which  makes  serious 
demands  on  the  faculty  of  imagination,  a  few  remarks  may  be 
made  on  the  more  directly  demonstrable  facts  of  wave-motion  in 
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air.  The  rate  at  wliicli  sound  travels  in  air  is  about  1100  ft.  per 
second.  Tins  is  a  speed  which  is  difficult  enough  for  us  to  follow, 
and  it  is  far  from  easy  to  grasp  the  mechanism  by  which  such 
a  rapid  transmission  takes  place.  But  when  we  come  to  consider 
the  propagation  of  light,  we  are  told  that  skilful  investigators 
attribute  to  it  a  possible  speed  of  186,000  miles  a  second.  A 
mode  of  motion  which  can  travel  at  this  rate  is  truly  hard 
to  understand,  and  the  ordinary  experience  of  our  senses  gives 
us  very  little  aid  in  trying  to  realise  a  mechanism,  Avhich  carries 
an  almost  instantaneous  tremor  through  such  vast  spaces,  in  exact 
correspondence  with  every  minute  oscillation  set  up  in  a  particle 
of  matter. 

Practical  "Work  in  Sound. 

The  Transverse  Vibration  of  a  Rod  fixed  at  one  End. — A  stout 
piece  of  brass  wire,  about  four  or  five  feet  long  and  made  quite  straiglit,  is 
iirnily  fixed  at  one  end  in  a  clamp.  If  pulled  aside  and  released,  it  vibrates 
through  its  whole  length. 

The  wire  may,  however,  be  made  to  vibrate  in  other  fashions.  Hold  it 
at  about  one-third  of  its  length  away  from  the  free  end,  then  start  it  vibrating 
batween  the  fixed  points,  and  meanwhile  remove  your  hand.     It  may  be  made 


Fig.  51. 


to  vil)rate  as  shown  in  Fig.  51,  exhibiting  a  stationary  point  or  node  at  a. 
If  it  is  held  at  about  one-fifth  from  its  free  end.  Fig.  52,  and  likewise  at  the 


Fic.  :yl. 

middle  of  the  longer  part,  the  rod  will  oscillate,  and  present  two  nodes  or 
relatively  fixed  points. 

Now  in  this  and  similar  cases  the  frequency  of  the  vibration 
{frequency  is  the  reciprocal  of  j'^riod,  since  the  number  of  vibra- 
tions in  a  given  period  of  time  depends  upon  the  time  taken  by 
e  icli  one)  is  inversely  as  the  square  of  the  free  lenyth  vihratinfj. 
Taking   the    frequency,    when  the  whole  length    vibrates,  as  1, 
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llien  in  the  second  case  the  free  length  up  to  the  first  noile  is 
one-third  of  the  Avliole  length.  In  the  third  case  it  is  one-fifth  of 
the  whole,  and,  in  consequence,  the  frequencies  in  the  three  cases 
arc  as  1,  3-,  and  5^  or  1,  9,  and  25. 

The  Yibratiox  of  a  Stretched  String  or  Wire. 

ir  a  l>o,inl,  or  better  still,  a  hollow  wooden  box,  over  a  yard  long,  be 
pruvided  with  a  wire  stretched  over  a  wooden  bridge  at  each  end,  many 
effects  in  the  production  of  sound  may  be  investigated.  The  instrument  is 
called  a  sonometer.  The  wire  is  firmly  fixed  at  one  end,  passes  over  the  two 
wooden  triangular  bridges  which  may  be  shifted  in  position,  then  passes  over 
a  [)ulley,  and  is  finally  stretched  by  a  weight  hanging  from  it.  The  wooden 
bridges  stop  the  vibrations,  and  the  length  of  wire  contained  between  tliese 
limits  together  with  the  tension  and  density  of  the  wire  are  the  cbief  factors 
in  deciding  the  nature  of  the  vibrations. 

When  such  a  stretched  wire  is  plucked,  more  than  one  mode 
of  transverse  vibration  may  take  place,  but  the  most  prominent 
one  is  that  due  to  the  to-and-fro  movement  of  the  Avhole  length 
of  the  wire.  This  vibration  gives  a  certain  note,  that  is,  the 
eliect  made  upon  our  auditory  centre  by  tlie  stimulus  conveyed 
through  the  air  to  the  ear,  and  thence  by  the  auditory  nerve  to  the 
brain,  depends  upon  the  length  of  the  wire  and  upon  its  tension. 
If  different  lengths  are  used,  a  difference  is  perceived  by  the  ear. 
The  effect  varies  in  degree  though  not  in  kind.  In  other  words, 
a  different  musical  note  is  given. 

The  medium  of  communication  between  the  wire  and  the  ear 
is  the  air,  and  all  our  hearing  takes  place  through  the  air, 
whether  it  be  of  musical  tones  or  noises.  The  pleasantness,  or 
musical  character,  of  a  sensation  is  caused  by  the  regularity  of 
the  impulses  which  reach  the  ear.  Confused  and  irregular 
movements  of  air  give  us  the  sensation  of  ordinary  sound  or 
noise.  But  it  is  important  to  note,  that  even  regular  impulses 
do  not  produce  a  pleasurable  sensation,  unless  they  reach 
the  ear  with  a  certain  minimum,  of  frequency.  An  evenly 
I'epeated  knock  gradually  passes  into  a  musical  note,  if  it  be 
(piickened  in  speed.  It  begins  in  that  case  as  a  musical  note 
which  is  very  low  in  the  scale,  and  becomes  higher  and  shriller, 
altering  in  pitch  as  the  frequency  increases.     The   tone  varies 
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with  the  frequency  of  the  impulse,  or,  to  put  it  in  other  words, 
with  the  dimiiuition  in  tlie  period  of  the  vilmition,  passing  from 
one  end  of  the  musical  scale  to  the  other. 

But  the  prominent  vibration,  hitherto  described  as  taking 
place  when  a  stretched  wire  is  plucked  or  struck,  is  not  the  only 
one.  It  is  easy  to  see  that  sul)ordinate  vibrations  also  occur, 
and  it  is  easy  to  detect  the  effect  made  upon  the  ear  by 
these  subordinate  vibrations.  They  give  rise  to  various  notes 
related  in  a  certain  manner  to  the  fundamental  note,  and  they 
are  mainly  those  called  the  octave,  its  fifth,  second  octave  and  its 
major  third,  in  musical  notation.  The  frequencies  of  the  funda- 
mental and  its  partial  tones  are  in  the  ratio  of  the  i)rimc 
numbers,  1,  2,  3,  4,  etc. 

Suggested  Observations. 

Ascertain  the  various  notes  given  by  varions  lengths  of  vibrating  Mure. 
The  vaiiation  in  length  is  obtained  by  adjusting  tlic  distances  of  the  bridges 
from  one  another. 

Ascertain  the  effect  of  varying  the  tension  of  the  wire  l)y  adding  weights 
to  tlie  end. 

Place  under  the  wire  a  small  triangular  iron  slide  in  wliicli  a  notch  has 
lieen  fded.  This  slide  should  be  just  large  enough  for  the  wire  to  rest  in 
the  notch  without  any  alteration  in  its  tension.  The  vibration  of  the  wire 
is  now  restricted.  A  node  is  formed  where  the  wire  is  touched,  and  the 
vil>rations  of  the  rest  of  the  wire  must  be  in  accordance  with  this  and 
corresponding  nodes.  The  dominant  note  olstained  for  different  positions  of 
tlie  slide  should  be  tested. 

Wires  of  different  thicknesses  should  also  1  e  used,  and  the  variatioTJs  in 
tone  observed. 

Xotc. — "When  there  is  any  doubt  as  to  the  positions  at  which  nodes  exist, 
and  that  is  a  common  occurrence,  it  is  advisable  to  use  a  light  rider  made  of 
a  very  small  piece  of  paper.  By  repeated  trial  the  positions  in  whicli  the 
]>aper  is  not  flicked  off  the  wire  are  ascertained,  and  these  are  nodes. 

Compare  the  frequency  with  Avhich  a  stretched  wire  vibrates  with  the 
frequency  of  a  tuning-fork.  The  wire  may  be  stretched  tighter  or  shortened 
in  length  in  order  to  agree  in  frequency  with  the  tuning-fork.  "When  they 
agree,  they  both  emit  the  same  note.  A  tuning-fork  is  merely  a  rod  fixed 
at  its  centre  and  fur  convenience  bent  double.  Kote  that  when  the  wire  is 
"  in  tune  '  with  the  fork,  the  latter,  when  vibrating  near  it,  staits  vibrations 
in  the  wire  through  the  medium  of  the  air  alone.  The  vibrations  may  be 
seen  or  heaid,  or  indicated  by  the  little  paper  riders. 
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The  frequency  with  wliieh  a  body  vibrates,  provided  it  emits  a  definite 
musical  note,  may  be  ascertained  by  comparing  its  note  with  that  of 
standardised  tuning-forks. 


Vibrations  of  Columns  of  Air. 

It  is  noteworthy  tliat  many  stringed  instruments  are  rendered 
more  resonant  by  means  of  vibration  of  the  air  contained  in  the 
hollow  cavities  with  Avhich  they  are  provided.  The  effect  in" the 
case  of  the  violin,  'cello,  and  others  is  familiar.  The  air  within 
the  holloAV  space  increases  the  loudness  of  the  note  Avithout 
altering  its  pitch  (or  frequency).  The  increased  loudness  of  a 
tuning-fork,  when  placed  upon  a  hollow  box  of  appropriate  length, 
is  remarkable.  But  a  question  arises  as  to  what  is  the  appro- 
priate length,  and  what  is  the  connection  between  a  given  note 
and  the  volume  of  air  which  starts  vibrating  in  unison  with  it. 

Observations. 

Tlie  length  of  a  column  of  air  corresponding  witli  a  given  note  may  be 
readily  measured.  A  wide  cylinder  is  used,  and  it  is  nearly  filled  with 
water.  A  narrower  open  tube  is  now  raised  or  lowered  inside  the  cylinder^ 
tlie  water  in  the  cylinder  falling  or  rising  within  the  open  tube,  so  as  to 
permit  an  easy  adjustment  of  tlie  length  of  the  column  of  air  within  the 
tube. 

The  same  result  may  be  obtained,  though  less  neatly,  with  a  cylinder 
alone,  by  adding  water  to  the  cylinder  until  the  right  length  of  column  is 
found. 

A  tuuing-fork  is  struck  and  held  near  the  o]ien  end  of  the  tube.  By 
varying  the  position  of  the  tube  a  column  of  air  will  be  found  eventually  to 
resound  vigorously  to  the  fork.  The  column  is  of  the  right  length  to 
augment  the  vibrations  of  the  fork. 

The  resonator  of  the  tiining-foik  itself  may  be  compared  as  regards  its 
internal  dimensions  with  the  column  found.  The  chief  dimension,  though 
not  the  sole  factor  in  the  result,  is  the  length  of  the  column  which 
vibrates. 

Air  conveys  sound  l^y  a  succession  of  states  of  condensation  and 
rarefaction.  Tlic;  first  effects  of  a  blow  due  to  any  sudden  move- 
ment, whether  of  a  plucked  string  or  the  impact  of  solid  bodies, 
is    to    start  a  condensation  of  air  in  the  neighbourhood.      The 
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particles  of  air  are  pushed  together,  and  in  the  case  of  vibration, 
the  condensation  Avlien  the  body  moves  forward  is  followed  by 
a  rarefaction  as  the  body  moves  backward,  and  these  events 
alternate  with  one  another,  spreading  outwards  from  the  origin 
of  sound  and  affecting  wider  and  wider  regions. 

States  of  condensation  and  rarefaction  must  succeed  one 
another  within  the  cylinder  used  in  the  previous  experiment,  and 
the  distance  between  successive  points  of  rarefaction  or  of  conden- 
sation constitutes  the  wave-leng'th,  and  determines  the  character 
of  the  note  emitted  or  resfjiinded  to.  This  consideration  decides 
whether  or  not  the  column  of  air  is  of  the  right  length  to  resound 
to  the  tuning-fork.  The  length  of  the  column  of  air  must  clearly 
have  some  simple  relation  to  the  length  of  the  wave  corresponding 
with  the  note  which  is  sounded.  It  is  perfectly  obvious  that  the 
closed  end  of  the  tiibe  or  cylinder  must  form  a  limit  to  the  pro- 
gression of  the  wave.  Whether  it  is  a  condensation  or  rarefac- 
tion which  occurs  at  the  bottom  of  the  vessel,  it  can  go  no 
farther,  and  it  must  be  turned  back.  If  the  vessel  is  just  long 
enough,  to  allow  the  Avave  to  travel  down  it  and  be  reflected 
back  in  just  the  right  phase  to  aid  the  movement  of  the  prong  of 
the  fork,  then  we  have  an  increase  in  the  amplitude  of  the  wave 
of  sound,  and  this  is  called  resonance.  The  two  vibrating  objects, 
fork  and  column,  act  together  as  the  origin  of  the  same  note. 

If  the  position  of  maximum  resonance,  or  the  length  of  an 
air  column  which  most  strongly  reinforces  the  vibrations  of  the 
fork,  be  found  out,  we  have  a  means  of  measuring  the  frequency 
corresponding  with  the  given  note.  The  impulse  reflected  from 
the  bottom  of  the  vessel  has  to  reach  the  fork  again,  when  it  is 
moving  in  the  opposite  direction  to  that  in  which  it  Avas  moving 
when  the  impulse  was  originally  given  to  the  air.  This  fact 
gives  us  the  clue  to  the  meaning  of  frequency  and  ivave-length. 
Speed  of  sound  in  air  has  a  fairly  constant  value,  and  the  disturb- 
ance must  travel  twice  the  length  of  the  tube  while  the  fork 
makes  one-half  of  its  full  oscillation,  i.e.  once  to-and-fro.  The 
same  fact  is  expressed  by  saying,  that  the  fundamental  note 
emitted  has  a  wave-length  of  four  times  the  length  of  the  tube. 
It  is  easy  to  see,  that,  if  we  are  given  the  value  for  the  speed  of 
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sound  in  air,  we  can  ascertain  the  vibration-frequency  of  the  fork, 
or,  if  we  know  the  frequency  of  the  fork,  we  can  calculate  the 
speed  of  sound  in  air. 

The  speed  of  sound  in  air  is  a  value  dependent  upon  the 
elasticity  of  air.  The  transmission  of  sound  in  any  kind  of 
matter  is  dependent  upon  its  elasticity  and  its  density  in  a  manner 
represented  by  the  formula  Y  =  J^. 

Note. — It  may  be  mentioned,  that,  Avhen  we  speak  of  the 
propagation  of  sound,  we  refer  to  the  rate  at  which  a  periddic 
jjulse  is  transmitted  through  the  air.  What  travels  through  the 
air  is  a  series  of  compressions  and  rarefactions.  Sound  is,  in 
reality,  tlie  infer pretatio7i  given  to  these  facts  by  our  mind. 
Sound  is  the  name  of  a  sensation.  A  description  of  some 
of  the  terms,  commonly  met  with  in  connection  with  sound,  is 
given  below. 

An  oscillation  is  a  complete  to-and-fro  motion.  A  simple 
vibration  or  oscillation  is  a  term  often  used  in  referring  to  a 
single  displacement  in  one  direction  only,  the  single  swing  of  a 
pendulum,  for  example. 

The  loudness  of  a  sound  depends  upon  the  amj^litude  of 
the  oscillations.  Two  notes  may  be  alike  as  regards  their  period 
or  frequency.  That  is,  they  may  be  of  the  same  pitch,  Avliile  they 
may  differ  in  intensity  because  of  the  greater  amplitude  or  swing 
of  the  disturbed  particles  of  air. 

The  pitch  of  a  sound  depends  upon  the  frequency  with  which 
the  oscillatory  disturbance  takes  place.  The  more  rapidly  the 
impulses  reach  the  ear,  the  higher  is  the  pitch. 

QuaHty  in  a  note  is  probably  due  to  variation  in  the  form  of 
vibration,  owing  to  variation  in  the  number  and  intensity  of 
the  constituent  motions.  The  same  note  sounded  on  a  piano, 
violin,  or  clarionet  will  possess  a  different  quality,  though  the 
frequency  of  the  fundamental  vibrations  may  be  alike  in  each. 

Practical  Woi^k  on  Light. 

Light  appears  to   travel   in   Straight   Lines.  —  The 

apparent  transmission  of   light   along  straight  lines  is  a  familiar 
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experience.  AVe  cannot  see  round  a  corner.  A  small  opaque 
liody  placed  before  our  eyes  cuts  off  liglit  from  luminous  bodies 
in  a  straight  line  behind  it.  The  shadowing  of  space  behind  an 
opaque  body  illustrates  the  same  fact,  that  the  effects  of  light  are 
produced  along  straight  lines.  The  illumination  of  particles  of 
dust  by  a  ray  of  light,  or  of  particles  of  cloud  by  a  ray  of  sun- 
light, so  as  to  present  under  favourable  circumstances  straight 
lines  of  light,  helps  to  strengthen  our  belief  in  a  species  of 
rectilinear  propagation  for  light.  The  term  radial  ion  itself  carries 
with  it  the  same  meaning.  Yet  it  is  important  to  remember  in 
using  these  terms,  if  there  is  anything  absolutely  essential  to  the 
ether  theory  of  light,  it  is  that  the  vibrations  Avhich  cause  light 
are  transmitted  equally  in  all  directions  by  spherical 
waves. 

If  it  be  necessary  to  demonstrate  wliat  is  well  known,  make  small  holes 
in  three  jiieces  of  card-board,  and  observe  that  when  they  are  fixed  at  some 
distance  apart,  a  light  placed  behind  them  is  visible  through  the  three  holes 
only  whe;i  they  are  in  a  straiglit  line.     A  slight  movement  of  one  of  the 

screens  causes  an  obstruction  of  the  light. 

Reflection  of  Light. — When  light  falls  upon  the  surface  of 
any  body,  it  is  in  S()me  degree  turned  back  or  reflected.  If  the 
surface  be  irregular,  then  the  reflection  is  irregular,  but  the 
smoother  the  surface,  the  greater  is  the  fraction  of  the  light 
undergoing  regular  reflection.  AVe  are  able  to  perceive  objects 
by  the  light  reflected  from  their  surface,  and  avc  estimate  the 
shape  and  dimensions  of  a  body  by  the  manner  in  which  light 
is  reflected  from  its  surface. 

Laws  of  Reflection. — Fix  a  piece  of  silvered  glass  upright  in  a  strip  of 
wood.  Scratch  away  a  small  portion  of  the  silvering  at  the  centre.  Place 
the  mirror  upon  a  sheet  of  paper,  and  stick  in  two  pins  in  front  of  the  mirror 
and  one  behind  it,  in  such  positions  that  the  reflected  image  of  one  pin  in 
front  may  appear  in  a  straight  line  with  the  other  pin  in  front  and  the  pin 
behind,  as  seen  through  the  small  clear  space  in  the  mirror.  Draw  lines, 
with  the  aid  of  a  straight-edge,  to  mark  the  direction  of  the  incident  and 
reflected  rays  (assuming  that  straight  lines  represent  the  manner  in  whicli 
light  is  transmitted),  rule  a  line  also  to  mark  the  position  of  the  mirror. 
Make  several  observations  with  the  pins  in  different  positions,  and  observe, 
that  in  each  case  the  line,  drawn  to  represent  the  direction  of  the  incident 
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ray,  makes  the  same  angle  with  the  mirror  as  the  line  representing   the 
direction  of  the  reflected  ray. 

But  the  observation  may  now  be  extended.  Arrange  the  pin  which  is 
behind  the  mirror  very  carefully,  so  that  it  agrees  in  size  and  appearance, 
and  partly  coincides  in  apparent  position,  with  the  image  of  a  pin  placed  in 
front.  Fix  another  pin  in  front  to  be  in  a  straight  line  with  them.  Draw 
lines  as  before  and  note,  that  the  pin  placed  behind  the  mirror  and  coinciding 
with  the  apparent  position  of  the  image  is  exactly  the  sa7ne  distance  behind 
the  mirror,  as  the  pin,  giving  rise  to  the  image,  is  in  front  of  the  mirror. 
Moreover,  it  is  directly  UMnd  the  pin  giving  rise  to  the  image,  so  thatjihe 
line  joining  them  cuts  the  mirror  at  right  angles. 

Now  this  fact  in  itself  may  be  utilised  as  a  proof  of  the 
equality  of  the  angles  of  incidence  and  reflection.  If  the  mirror 
be  represented  by  the  line  AB  (Fig.  53),  the  pin  giving  rise  to  the 

image  by  G,  the 
apparent  position 
of  its  image  by 
D,  and  the  direc- 
tion of  the  ray 
of  light  by  CEF, 
then  by  joining 
CD  and  DE,  it 
is  easy  to  see  by 
geometry,  that  the 
angles  CEK  and 
FEB  are  equal  if 
DK  is  equal  to  CK.  The  two  triangles  EDK  and  ECK  are 
similar,  KE  common  to  them,  and  DK  equal  to  CK,  together 
with  the  angles  enclosed  by  these  lines.  Under  these  circum- 
stances the  triangles  are  equal  in  all  respects,  and  therefore  the 
angle  DEK  is  equal  to  the  angle  CEK.  But  Euclid  proves  for 
us  that  the  angle  BEF  is  equal  to  DEK  (Prop.  xv.  Bk.  i.),  and 
therefore  to  CEK.  We  are  assuming,  however,  for  this  purpose, 
that  FED  is  a  straight  line,  but  direct  observation  is  the  basis  of 
this  assumption.  It  is  the  straight  line  along  which  the  image 
has  been  seen. 

j^ote. — The  accuracy  of  these  observations  is  dependent  upon 
the  lines  representing  direction  being  truly  drawn,  and  also  upon 
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care  being  taken  to  fix  the  object  which  is  behind  the  mirror, 
so  as  to  coincide  exactly  in  position  and  size  Avith  the  image 
appearing  there.  In  order  to  permit  the  partial  coincidence  of 
the  image  with  the  object  behind  the  mirror,  it  is  an  advantage 
to  scrape  away  a  portion  of  the  "  silvering "  of  the  mirror.  A 
portion  of  the  object  may  then  be  made  to  occupy  the  place  of 
part  of  the  image. 

From  the  apparatus  described  we  may  also  demonstrate  another 
fact  of  reflection,  namely,  that  the  directions  of  the  incident  and 
reflected  rays  lie  in  the  same 
jylane,  and  that  this  plane  is 
normal,  i.e.  at  right  angles  to 
the  reflecting  surface. 

Laws  of  Refraction.  —  These 
may  be  illustrated  very  simpl}'.  A 
rectangular  piece  of  thick  glass  (such 
as  is  usually  provided  in  boxes  of 
weights  to  protect  the  small  weights 
serves  very  well)  is  placed  on  a  sheet 
of  paper.  Place  two  pins  on  one  side 
of  the  glass  and  arrange  two  others 
on  the  other  side,  so  that  on  looking 
through  the  glass  and  at  all  four  pins, 
they  appear  in  line.  Some  care  will 
be  needed  in  adjusting  the  pins. 

Remove  the  glass  and  join  the 
holes,  made  by  the  pins  when  placed 
in  the  proper  position,  by  straight  lines.  The  direction  taken  by  the  three 
straight  lines  is  shown  in  Fig.  54.  The  deviation  or  refraction  of  the  light 
due  to  the  glass  is  represented  by  the  angle  ahc.  Note  that  the  emerging 
ray  is  parallel  to  the  entering  ray  when,  as  in  this  case,  the  sides  of  the 
glass  are  parallel. 

When  a  ray  of  light  enters  a  medium,  such  as  glass,  which  is 
o/jficall;/  denser  than  the  air,  at  an  angle,  it  is  turned  aside  or 
refracted.  The  extent  to  which  it  is  turned  aside  depends  upon 
the  substance,  but  there  is  always  the  same  relation  for  the  same 
media  between  the  incident  and  the  refracted  angle.  However 
we  may  vary  the  angle,  the  incident  ray  bears  to  the  refracted 
ray  a  relation  as  to  du'ection  Avhich  is  expressed  as  the  refractive 
19 


Fig.  54.— Arrangement  of  glass  plate 
and  pins  for  showing  refraction. 
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index.  This  ratio  or  refractive  index  is  a  number,  expressing  tlie 
relative  magnitudes  of  the  angles,  made  by  the  incident  ray  and 
the  refracted  ray,  respectively,  Avith  the  normal  to  the  surface  at 
which  refraction  takes  place.  The  relation  between  the  sine  of 
the  angle  EBF  and  the  sine  of  the  angle  GBD,  is 

sin^^i^        .      ,•       ■    1 

=  refractive  mdexi 

sin  CBD 

The  perpendiculars  dropped  on  the  normal,  at  equal  distances 
from  B  along  the  incident  and  refracted  rays,  are  in  the  same  ratio 
ae  the  sines  of  the  respective  angles. 

Refraction  through  a  Prism.— The  path  of  a  ray  of  light  through  a 
prism  may  be  observed  by  the  same  plan  as  that  adopted  with  a  glass  plate 
Avith  parallel  sides.     In  the  prism,  the  surfaces  at  which  the  light  enters 


P 

Fio.  S.*!. — Diagram  illii.strating  refraction  through  a  prism. 

and  leaves  the  glass  are  inclined  at  an  angle,  usually  an  angle  of  about  60°. 
Four  pins  are  so  arranged,  two  on  each  side  of  the  prism,  that  they  appear 
in  the  same  line.  Lines  drawn  between  the  positions  occupied  by  the  pins, 
and  showing  the  position  of  the  pi'ism  itself,  will  display  an  appearance 
resembling  the  diagram  shown  in  Fig.  55.  The  course  of  the  ray  is  slioAvn 
by  the  line  ABCD.  By  continuing  the  lines  AB  and  DC  far  enough,  it  is 
easy  to  ascertain  the  angle  through  which  the  ray  has  been  refracted  by 
passing  through  the  j)rism. 

Refraction  of  Light  by  a  Lens.  —  There  are  various 
shaped  lenses,  but  in  all  of  them  the  optical  effects  are  pro- 
duced by  the  faces  being  curved.  In  the  bending  produced  by 
a  prism  it  is  noticeable,  that  the  light  is  turned  towards  the 
thicker  part  of  the  prism,  towards  the  base  in  fact.  JSTow  if  we 
place  two  prisms  base  to  base,  we  get  something  approaching 
the  shape  of  an  ordinary  convex  lens,  and  the  effect  on  light 
would  be  alike  in  both  cases.     It  would  converge,  more  or  less, 
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to  a  point  some  little  distance  on  the  other  side  of  the  double 
prism  or  lens.  If  we  were  to  place  two  prisms  edge  to  edge,  we 
should  obtain  a  divergence  of  light,  and  this  is  what  occurs  with 
a  concave  lens,  which  resembles  somewhat  two  prisms  placed  edge 
to  edge. 

The  point  to  which  light  converges  is  called  the  focus.  The 
point  to  Avhich  light  aj)pears  to  converge  is  also  a  focus.  It  is 
then  called  a  virtual  focus.  The  point  at  which  parallel  rays  meet 
after  passing  through  a  lens  in  this  way  is  called  the  principal 
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P'iG.  56. — Decomposition  of  a  beam  of  white  light  by  a  prism. 

focus,  and  it  varies  in  its  distance  from  the  lens  in  accordance 
with  the  shape  of  the  lens.  It  is  readily  exhibited  by  causing  a 
convex  lens  to  throw  an  image  of  a  Avind(jw  upon  a  screen  placed 
behind  it.  The  more  curved  the  surface  of  the  lens,  the  shorter 
is  the  focal  length,  or  distance  of  this  focus  from  the  lens. 
The  shorter  the  focal  length  of  a  lens,  the  higher  is  its  magnifying 
power,  as  may  be  gathered  by  handling  a  few  lenses. 

Light  decomposed  by  a  Prism.— Allow  bright  light  from  an  electric 
lamp  or  oil  lamp,  or  still  better  from  the  sun,  to  pass  through  a  small  slit 
and  impinge  upon  the  face  of  a  prism  as  shown  in  Fig.  5G.     If  a  screen  be 
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3io\v  placed  at  a  small  distance  away  from  the  prism,  an  aiipearance  known 
as  the  spectrum  is  obtained.  Light  is  not  only  refracted  by  a  prism,  it  is 
resolved  into  its  component  jjarts,  and  so  we  obtain  from  white  light  a 
succession  of  coloui-s  of  which  the  prominent  hues  are  violet,  indigo,  blue, 
green,  yellow,  orange,  and  red.  The  violet  end  of  the  spectrum  is  that 
Avhicli  is  most  refracted  from  the  original  direction  of  the  ray,  and  the  red  is 
the  end  which  is  least  bent.  White  light  appears  then  to  be  made  up  of  all 
the  various  colours,  and  their  appearance  under  the  circumstances  of  this 
experiment  is  explained  by  a  difference  in  refrangibility.  In  accordance 
with  the  wave-theory  of  light,  white  light  is  a  mixture  of  a  number  of  waves 
of  different  wave-lengths,  and  the  shorter  wave-lengths  are  more  impeded 
than  long  ones  in  their  passage  through  the  prism,  and  in  consequence  more 
refracted. 

If  anotlier  prism  be  fixed,  in  a  reversed  position,  in  the  path 
of  the  ray  which  has  been  decomposed  into  its  constituent  colours, 
the  reversal  of  the  phenomenon  takes  place,  and  the  spectrum 
disappears.  The  effects  Avhich  make  up  what  is  called  dispersion 
at  the  first  prism  are  annulled  by  the  influence  of  the  second,  and 
if  a  screen  be  placed  in  position,  we  shall  perceive  a  white  spot. 
This  may  be  regarded  as  proving,  that  the  light  is  changed  again 
into  the  state  in  which  it  entered  the  first  prism. 

An  interesting  demonstration  of  the  nature  of  Avliite  light 
may  be  shown  by  rapidly  rotating  a  round  piece  of  card-board 
exhibiting  sectors,  painted  as  closely  as  possible  in  the  various 
colours  of  the  spectrum.  The  effect  produced  by  this  many- 
coloured  wheel  in  motion  is  that  of  a  dull  grey  surface.  The 
more  nearly  we  approach  the  actual  colours  of  the  spectrum,  the 
Avhiter  will  be  the  appearance  presented.  But  it  is  clear  that  a 
succession  of  sectors  coloured  Avith  crude  violet,  indigo,  blue, 
green,  yellow,  orange,  and  red,  is  a  poor  imitation  of  the  infinitely 
varied  hues  of  the  spectrum.  A  little  deeper  research  into  the 
subject  of  colour  will  inform  us  of  other  reasons,  Avhy  we  can 
only  approximate  to  Avhiteness  under  these  circumstances. 

A  large  grooved  wheel  turned  by  a  handle,  and  connected  by  a  cord  with 
a  small  wheel  on  an  axle  carrying  the  disc,  is  needed  in  order  to  obtain  rapid 
rotation,  and  it  is  important  that  the  disc  should  be  firmly  fixed  by  the  aid 
of  a  nut  and  large  washers.  By  the  use  of  various  coloured  discs  provided 
with  slits,  cut  from  the  circumference  to  the  centre  and  made  to  overlap  one 
another  to  various  extents,  interesting  effects  in  the  combination  of  colour 
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may  be  produced.  These  results  may  be  compared  with,  though  they  will 
not  necessarily  resemble,  the  effects  produced  by  mixing  various  pigments 
together. 


It  is  not  difficult  to  realise,  that  colour  is  an  effect  dependent 
upon  the  absorbent  qualities  possessed  by  a  body.  A  flower  is 
red,  because  it  absorlis  all  the  colours  shown  in  the  spectrum  but 
the  red.  A  leaf  is  green,  because  the  green  part  of  white  light 
is  alone  reflected  from  its 
surface,  the  rest  being  ab- 
sorbed. Variations  in  the 
quality  of  the  colour  ex- 
hibited by  different  objects 
are  often  due  to  the  ming- 
ling of  a  certain  amount 
of  unchanged  reflected 
light  with  some  which 
has  undergone  partial  ab- 
sorj)tion. 

Hold  some  common  salt 
on  a  platinum  wire  or  foil 
ni  the  flame  of  a  bunsen 
burner,  so  that  a  liright  yellow- 
light  is  obtained,  and  note 
that  a  bright  red  object  loses  Fig.  57 
its  colour  when  illuminated  by 
it.  It  becomes  ashen  or  colour- 
less, since  tliere  are  no  I'ed  waves  in  the  sodium  light  to  be  reflected 
shows  red  only  when  the  light  falling  on  it  possesses  red  waves. 


Formation  of  an  image  by  a  plane 
mirror. 


It 


Additional  Effects  of  Keflection  and  Refraction. 

Image  in  Plane  Mirror. — The  equal  inclination  shown  by  the  incident 
and  reflected  rays  may  be  taken  into  account,  in  considering  the  manner  in 
which  an  image  is  formed  by  a  plane  mirror.  A  small  object  placed  at  A 
(Fig.  57)  may  be  supposed  to  yield  a  ray  of  light  ABC,  which  is  reflected  in 
the  form  of  BCDE,  and  enters  the  eye  placed  at  DE.  Bnt  to  the  eye  itself, 
which  is  incapable  of  judging  anything  about  the  previous  history  of  the 
light,  the  ray  appears  to  come  from  behind  the  mirror,  from  an  object  A'  in 
the  direction  indicated  by  the  dotted  lines.     From  the  geometrical  cowstruC' 
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tion  of  the  figure  it  is  easy  to  prove,  that  tlie  image  ajtpears  at  the  same 
distance  beliind  the  mirror  as  the  ohject  is  in  front  of  it. 

Images  produced  by  Two  Plane  Mirrors. — If  two  plane  mirrors  are 


M 


M' 


placed  at  right  angles,  an  ob- 
ject placed  within  the  angle 
will  be  found  to  give  rise  to 
three  separate  images  in  the 
position  shown  in  the  diagram 
(Fig.  58).  It  is  evident  that 
each  mirror  will  present-  its 
own  image  as  an  effect  of  simple 
reflection,  but  in  addition  to 
these  a  third  image  appears,  on 
account  of  the  double  reflection 
shown  by  the  course  of  the  line 
A  BCD. 

Reflection  from  a  Spherical 
Mirror.  —  The  centre  of  the 
sphere,  of  which  a  spherical 
'mirror  may  be  considered  to 
form  part,  is  called  the  centre 
of  curvature.  Lines  drawn  from 
this  point  to  the  nurror  will 
be  radii  of  the  sphere,  and  will 
be  at  right  angles  to  the  tangents  drawn  to  these  points.  Light  from  a 
luminous  object  placed  near  the  mirror  will  be  reflected,  so  that  the  incident 
and  reflected  rays  make  equal  angles  with  these  radii  (which  is  the  same 
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Fig.  58. — Formation  of  images  by  two 
mirrors  placed  at  right  angles  to  one 
another. 


Fig.   59. — ReHectioii  from  a  spherical  mirror. 


as  making  equal  angles  with  the  reflecting  surface  or  with  the  tangents 
drawn  to  the  reflecting  point).  In  the  diagram  (Fig.  59),  light  from  the 
object  A  is  reflected  so  as  to  a2:ipear  again  at  the  point  £,  as  indicated  by 
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tlio  lilies  ACB,  ADB,  making,  for  iieaily  iioriual  incidence,  equal  angles 
with  the  radii  OC  and  OD.     The  points  A  and  B  are  conjugate  foci. 

If  light  from  a  distant  object  impinge  on  the  mirror,  it  will 
be  focuse<lat  a  point  half-way  between  the  centre  of  curvature 
of  the  mirror  and  the  mirror  itself.  This  point  is  called  the 
principal  focus  of  the  mirror.  It  is  easy  to  prove  geometrically, 
that  this  point  is  half-way  between  the  centre  of  curvature  and 
the  mirror,  provided  the  incident  and  reflected  light  always  make 
equal  angles  with  the  radii  of  the  spherical  surface,  that  is,  with 
the  normal  at  the  point  of  reflection.  The  principal  focus  may 
be  practically  demonstrated  by  turning  the  mii'ror  to  the  sun  and 
placing  a  piece  of  paper  at  the  calculated  distance.  The  paper 
will  probably  be  charred,  if  the  right  position  has  been  found. 

The  effects  produced  by  a  spherical  mirror  in  reflecting  light, 
as  indicated  by  the  images  presented  by  objects  placed  at  varying 
distances  from  it,  should  be  investigated.  The  effects  produced 
also  by  a  convex  spherical  mirror,  as  distinct  from  the  concave 
mirror,  should  be  observed,  and  diagrams  should  he  draivn  to  show 
the  course  taken  by  the  light. 

The  distinction  between  real  and  virtual  images  is  an 
important  one  and  may  be  demonstrated  practically  by  the  use  of 
these  mirrors.  A  vhtual  image  is  one  which  appears  to  be  behind 
the  mirror  at  a  place  to  which  light  cannot  have  penetrated. 
A  real  image  is  produced  by  an  actual  assemblage  of  light  some- 
where in  front  of  the  mirror. 

Find  by  actual  experiment  the  position  at  which  a  pin  point,  placed  in 
front  of  a  concave  mirror,  produces  an  inverted  image  of  the  pin,  of  which 
the  point  coincides  in  position  with  the  real  point  and  con-esponds  with  it 
in  size.  The  coincidence  must  be  such,  that  on  moving  the  eyes  sideways 
the  image  and  the  pin  do  not  separate. 

Explain  by  means  of  a  diagram,  that  tliis  position  is  the  geometrical 
centre  of  the  mirror. 

Effects  due  to  Refraction. — The  cm  iously  bent  appearance,  presented 
by  a  stick  which  is  placed  in  water,  is  an  effect  of  refraction.  It  is  an 
interesting  exercise  to  note  in  the  first  place  what  actually  appears,  and  then 
to  draw  a  diagram  showing  that  it  is  an  effect  of  refraction. 

Again,  fill  a  glass  cylinder  with  water,  after  placing  an  object  at  the 
bottom.  Note  that  this  object,  when  you  look  down  upon  it,  appears  nearer 
than  it  really  is  to  the  surface  of  the  watci^ 
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The  index  of  refraction  for  water,  that  is,  the  ratio    .     ,,  when  a  i.s  the 

sin  b 

angle  of  incidence  from  air,  and  h  the  angle  of  refraction  in  water,  may  be 

estimated  roughly,  by  placing  an  object  outside  the  cylinder  at  a  depth 

which  appears  the  same  as  that  of  the  refracted  image.     The  ratio  of  the 

true  depth  to  the  apparent  depth  is  the  same  as  the  ratio  ~ . 

The  Spectroscope. — The  spectrum  has  been  described  as 
the  effect  produced  Avhen  hght  passes  through  a  prism,  but  the 
effect  is  not  always  clear  or  definite.  It  may  be  obtained  in  a 
condition  which  admits  more  readily  of  investigation  by  making 
use  of  certain  precautions.  If  a  convex  lens  is  interposed  between 
the  prism  and  the  slit,  and  the  position  of  the  lens  is  such,  that 
the  slit  is  at  the  principal  focus,  the  liglit  entering  the  prism  wdll 
be  parallel.  The  spectrum  obtained  on  the  other  side  of  the 
prism  will  then  be  more  distinct,  and  the  colours  be  less  likely  to 
overlap.  In  addition  to  this  precaution,  it  is  important  to  place 
the  prism  in  such  a  position,  that  the  ray  of  light  passes  through 
it  symmetrically,  i.e.  parallel  to  its  base.  It  is  found  out  by 
experiment,  and  it  is  deducible  from  theoretical  considerations, 
that  the  light  is  more  completely  dispersed,  and  the  spectrum 
more  distinct,  Avhen  this  position  is  found.  The  position  in 
question  gives  us  what  is  called  the  angle  of  minimum 
deviation.  The  result  of  the  precautions  here  described  is  to 
furnish  what  is  called  a  pure  spectrum,  as  distinct  from  a 
confused  one. 

The  spectroscope  is  an  instrument  in  which  these  operations  are  eflfect- 
ively  carried  out.  The  tube  containing  an  adjustable  slit,  and  the  lenses, 
by  which  the  ray  is  prevented  from  diffusing,  is  called  the  collimator.  The 
other  tube  is  the  telescope,  through  which  the  spectrum  is  enlarged  without 
being  otherwise  altered.  The  telescope  is  first  removed,  and  its  eye-piece 
adjusted  so  as  to  present  a  clear  image  of  the  cross-wires,  which  are  inserted 
for  exactness  in  comparing  distances.  The  eye-piece  and  cross-wires  are 
then  focused  together,  so  that  a  distant  object  yields  a  clearly  defined 
image,  which  should  not  vary  its  position  with  regard  to  the  cross-wires 
when  the  eye  is  moved  from  side  to  side.  Remove  the  prism  and  replace 
the  telescope,  turning  it  and  levelling  it,  if  necessarj^,  so  as  to  view  the  slit 
directly  and  in  the  middle  of  the  field.  If  necessary,  focus  the  collimator, 
so  that  the  image  of  the  slit  is  well  defined.  Replace  the  prism  in  such  a 
position  that  a  good  horizontal  spectrum  is  obtained,  levelling  if  necessary, 
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Tlie  axes  of  the  telescope  and  collimator,  together  with  the  graduated  circle 
to  which  they  are  attached,  should  now  be  in  the  same  plane,  if  the  adjust- 
ments have  been  carefully  made. 

Instead  of  an  ordinary  white  flame  for  illuminating  the  slit,  we  may  now 
make  use  of  the  incandescent  vapour  of  various  substances,  by  placing  them 
on  platinum  foil  in  the  bunsen  flame.  Instead  of  the  continuous  siJcctruTn, 
we  shall  observe  bright /mm.<,  varying  in  colour,  number,  and  relative  position 
with  the  substances  used.  By  throwing  the  rays  of  the  snn  upon  the  slit 
by  a  reflector,  we  obtain  a  continuous  spectrum  containing  a  number  ol'  dark 
lines  (absorption  lines)  characteristic  of  many  of  the  elements. 

Additional  Exercises. 

To  find  the  Angle  of  a  Prism  by  Reflection. — Allow  light  from  a  pin, 
placed  in  front  of  the  edge  of  the  prism,  to  be  reflected  Irom  each  face. 
Place  two  pins,  one  of  them  close  up  to  the  face  and  the  other  six  or  nine 
inches  away,  in  a  position  to  be  in  a  line  with  the  image  given  by  the 
reflection  from  one  face.  Place  two  other  pins  in  a  corresponding  position 
for  the  image  reflected  from  the  other  face.  Mark  the  position  of  the 
prism,  remove  it,  and  draw  lines  to  mark  the  course  of  the  light. 

The  angle  between  the  two  reflected  rays  (and  this  may  be  measured  by 
a  protractor)  should  be  equal  to  twice  the  angle  of  the  prism,  if  the  incident 
angle  is  equal  to  the  reflected  angle.  A  diagram  should  be  drawn  to  explain 
the  course  of  the  argument.  ABC  is  the  prism.  ITB,  the  incident  ray,  is 
reflected  as  £D  and  £G. 

The  only  difficulty  in  following  this  proof  lies  in  the  fact,  that  we  need  to 
consider  the  incident  ray  HB  to  fall  upon  the  very  edge  of  the^msm  and  yet 
be  reflected  from  both  faces.  The  light  really  falls  upon  the  edge  and  also 
upon  each  face  close  to  the  edge.  If  BE  and  BF  be  continuations  of  the 
two  faces,  then  CBG  and  ABD  are  together  ec[ual  to  the  angle  EBF,  and 
this  is  an  angle  equal  to  that  of  the  prism.  Therefore  the  whole  angle  GBD 
is  equal  to  twice  the  angle  of  the  prism. 

A  more  refined  and  accurate  method  of  finding  the  angle  of  a  prism  may 
be  carried  out  by  using  the  spectroscope.  The  positions  of  the  reflected 
rays  are  made  to  correspond  with  the  cross-wires  of  the  telescope,  and  the 
angles  are  read  on  the  graduated  circle  forming  part  of  the  instrument. 

Deviation  of  Reflected  Ray  by  Rotation  of  Mirror. 

— It  is  easy  to  demonstrate,  and  easy  to  prove  geometrically,  tliat 
when  a  mirror  rotates  tlirough  a  given  angle,  a  ray  of  reflected 
light  is  made  to  deviate  through  tAvice  that  angle. 

Place  a  plane  mirror  upright  upon  a  sheet  of  paper,  and  stick  two  pins  in 
a  line  with  the  image  from  a  third  pin,  one  of  the  two  former  pins  being 
close  against  the  mirrov.     Majk  the  position  of  the  mirror  by  drawing  a 
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line  on  tlio  paper.  Now  turn  the  mirror  tlirougli  a  small  augle  about  the 
]iin  lilaced  against  it,  allowing  the  pin  to  serve  as  a  pivot.  Observe  the 
direction  of  the  reflected  image  and  mark  it  by  a  pin.  Mark  the  second 
position  of  the  mirror  by  another  line.  Measure  by  means  of  a  protractor  the 
angles  made  by  the  lines  joining  the  pin  marks,  and  also  the  angle  through 
which  the  mirror  has  been  turned.  The  angle  through  which  the  mirror  has 
been  turned  will  be  found  one-half  the  angle  made  by  the  two  lines,  represent- 
ing the  directions  of  the  reflected  ray  for  the  two  positions  of  the  mirror. 

The  geometrical  proof,  Ijased  upon  the  fact  that  the  incident 
and  reflected  rays  make  equal  angles  with  the  reflecting  surface,  is 

as  follows.  Fig.  60  shows 
the  two  positions  of  the 
mirror  AB  and  A'B'.  DO 
is  the  direction  of  the  inci- 
dent ray  on  each  occasion. 
CA'  is  the  reflected  ray 
from  AB,  and  CE  is  the 
direction  of  the  reflected 
ray  fram  the  mirror  when 
in  the  position  A'B'.  For 
the  convenience  of  demonstration,  the  mirror  is  made  to  take  the 
same  position  as  that  previously  occupied  by  the  ray.  Now  by  the 
law  of  reflection  the  angle  A'CA  is  equal  to  the  angle  DOB,  and 
also  the  angle  JECA'  to  the  angle  DOB'.  But  ACA'  is  also  equal  to 
BOB'  (i.  15),  therefore  the  whole  angle  DOB'  is  double  the  angle 
BOB',  and  therefore,  too,  ECA'  is  double  A'CA.  That  is,  the 
deviation  of  the  reflected  ray  is  double  the  deviation  of  the  mirror. 
The  manner  in  which  the  rotation  of  the  mirror  is  related  to 
the  angle,  through  which  the  reflected  ray  is  turned,  is  also 
apparent  from  the  construction  shown  in  Fig.  61.  In  this  figure  it 
will  be  seen — 

«=/  (i.  15), 

and  h  +  c  =  e  +  /  (law  of  reflection) ; 

,;  a  +  b  +  c  =  e  +  2/      (by  addition  of  equals), 
since  e  =  a  +  h  (law  of  reflection), 

c  =  2/; 
i.e.  the  reflected  ray  has   been  turned  through  twice  the  angle 
of  rotation  of  the  mirror. 
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Test  of  Plane  Surface  by  Reflection. — Focus  a  telescope  upon  a 
given  body,  so  that  a  clear  and  definite  image  is  presented  to  the  eye.  Then 
incline  the  surface,  so  that  an  image  of  the  body  may  be  obtained  through 
the  telescope,  after  reflection  at  the  surface.  If  the  surface  be  plane,  the 
image  remains  clear  and  well  defined  after  reflection  from  the  surface.  If 
the  surface  to  be  tested  be  not  movable,  select  for  the  telescope  a  position 
in  which  some  object  can  be  vicwdl  both  directl^y  and  after  reflection. 

Colour  not  a  Permanent  Quality. — Arrange  a  spectrum  to  appear 
upon  a  screen  in  a  darkened  room,  using  a  prism,  a  lens,  and  a  slit.  Place 
various  coloured  bodies  in  dilferent  parts  of  the  spectrum,  and  note  the 
effect. 

Interference  of  Sound- Waves. — Strike  a  tuning-fork,  and  turn  it 
round  on  its  axis,  while  it  is  vibrating  near  the  ear.  Notice  that  the  sound 
waxes  and  wanes,  while  the  fork  is  rotated.  An  effect  is  evidently  taking 
place,  which  is  comparable  with  the  light  and  dark  patches,  produced  by 
the  interference  and  combination  of 
light-waves,  to  be  shortly  described. 
In  a  certain  position  the  vibrations 
from  one  prong  of  the  fork  interfere 
with  those  from  another.  What  is 
the  position  ? 

More   Exact  Descrip- 
tion   of    Optical    Pheno- 
mena.— The  manner  in  wliicli  -p^^^  gj_ 
various  effects  of  light  have  been 

hitherto  described  may  serve  for  most  purposes,  but  it  does  not 
provide  us  with  a  satisfactory  account  of  the  mechanism  by  which 
these  effects  are  produced.  Something  more  is  needed,  before 
we  can  regard  our  knowledge  of  the  subject  as  adequate  or  even 
accurate.  It  is  not  enough  to  draw  straight  lines  to  represent  rays 
of  light,  though  the  straight  lines,  it  may  be  readily  admitted,  are 
of  great  assistance  in  representing  the  effects  which  are  observ- 
able. They  can  scarcely  be  regarded  as  a  faithful  representation 
of  a  vibratory  motion,  which,  starting  from  the  source  of  light, 
is  propagated  by  spherical  waves  in  all  dii-ections  simultaneously. 
In  the  account  which  folloAvs,  details  Avill  be  given  more  in  accord- 
ance with  the  wave-theory  of  light,  though  the  final  results 
will  not  be  found  inconsistent  with  what  has  been  already  stated. 

The   Interference  of  Light. — It    was  first  noticed  by 
Young,  that  two  rays  of  light,  converging  in  a  dark  room  from 
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two  small  holes  close  together,  yield  certain  alternate  light  and 
dark  bands,  when  a  screen  is  placed  where  they  overlap.  The 
dark  bands  disa])pear  when  one  ray  is  cut  off.  In  other  words, 
the  addition  of  light  may,  under  certain  circumstances,  produce 
darkness.  We  have  already  learnt  from  the  use  of  a  prism,  that 
white  light  is  the  joint  effect  of  light  of  various  kinds  or  colours  ; 
and  this  is  again  shown  by  the  observation,  that  the  dark  bands 
are  alternated  with  coloured  ones  in  this  experiment,  when  wl\ite 
light  is  used,  while  with  light  of  one  colour,  such  as  the  yellow 
light  given  by  sodium  compounds,  alternate  bands  of  hlacJc.  and 
yelloiv  alone  are  given. 

Fresnel  obtained  a  similar  result  more  conveniently  in  two 


Fig.  62. — Apparatus  for  demonstratiug  interference  produced  by  reflection. 

ways  :  one  by  the  aid  of  reflection,  the  other  by  means  of  refrac- 
tion. In  the  first  method,  two  metallic  mirrors  ah  and  he  (Fig.  62) 
are  placed  side  by  side,  so  as  to  be  nearly  in  the  same  plane, 
but  not  quite.  A  ray  of  light  from  d  is  caused  to  fall  upon  both 
mirrors.  The  reflected  rays  converge  to  a  point  /,  and  ap- 
parently come  from  two  vertical  images,  g  and  h,  close  together 
at  the  back  of  the  mirrors.  On  placing  a  screen  at/,  alternate 
dark  and  light  bands  should  be  obtauied. 

In  Fresnel's  second  experiment,  a  prism  ahc  (Fig.  63)  of  very 
large  angle,  nearly  180°,  called  a  bi-prism,  is  placed  so  that  light 
diverguag  from  the  point  d  falls  on  the  face  ac.  Part  of  the 
light  is  refracted  by  the  portion  ah,  and  part  by  the  portion  ch, 
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of  the  bi-prism.  A  given  ray  de  is  refracted  and  reaches  a  point 
p,  as  if  it  had  come  from  g,  while  another  ray  df  is  refracted  by 
the  other  portion  of  the  bi-prism,  and  reaches  the  point  p  as  if  it 
had  come  from  a  point  h.  Hence  the  effect  of  these  two  rays  at 
the  point  p  is  the  same  as  if  they  had  come  respectively  from  the 
two  points  g  and  h,  which  are  close  together.  A  screen  placed  at 
20  will  exhibit  the  effects  of  interference. 

A  carefully  constructed  optical  bench  allows  this  effect  to 
be  observed,  and  the  distance  between  the  lines  to  be  accurately 
measured.  It  consists  of  a  heavy  iron  bed,  planed,  grooved  and 
graduated,  so  that  three  upright  stands  may  be  moved  along  it,  to 
distances  measurable  by  the  verniers  they  carry.  The  first  stand 
carries    the     eye-  a 

piece  with  a  ver- 
tical cross  -  wire. 
This  may  be 
moved  horizontal- 
ly by  a  micrometer 
screw.  A  scale 
and  vernier  shows 
the  displacement. 
The  middle  up- 
right holds  the 
bi-prism,  and  the 
farther  one  carries  the  slit.  These  two  are  capable  of  horizontal 
and  vertical  movements.  The  centres  of  the  slit,  bi-prism 
and  eye-piece  should  be  in  a  straight  line  parallel  to  the 
bench-scale.  The  edge  of  the  bi-prism  should  be  vertical  and 
pass  through  this  straight  line.  The  cross-wire  and  slit  should 
coincide  with  the  edge  of  the  bi-prism,  and  the  cross-wire  must 
move  accurately  at  right  angles  to  this  line,  in  order  to  measure  the 
distance  apart  of  the  interference  lines. 

Explanation  of  Interference. — The  most  complete  ex- 
planation of  the  observed  properties  of  light  is  given  by  a  theory, 
according  to  which  light  consists  of  a  vibratory  motion  of  a 
universal  medium,  the  ether.  The  ether  allows  this  vibratory 
motion,  when  once  it  is  set  up,  to  be  propagated  with  very  great 


Fig.  63. — Bi-prism  for  showiug  interference. 
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rapidity  and  with  undiminished  intensity  in  all  directions.  Ether 
is  present  in  matter  as  Avell  as  in  space,  occupying  the  sj^aces 
between  the  particles.  Light  may  therefore  pass  through  some 
kinds  of  matter ;  others  are  only  slightly  penetrated,  the  motion 
of  the  ether  being  probably  obstructed  or  changed  by  the  particles 
of  matter.  We  are  unable  to  observe  ether  directly.  "We  are  not 
conscious  of  its  existence  as  we  are  of  matter.  Yet,  by  assuming 
the  existence  of  such  a  medium,  we  are  able  to  put  forward  a 
simple  explanation  of  the  most  varied  optical  phenomena. 

We  are  not  concerned,  at  this  stage,  with  the  exact  nature  of 
the  vibratory  movement  constituting  light.  We  have  simply  to 
consider,  that  this  vibratory  movement  is  rapidly  propagated  with- 
out any  portion  of  the  ether  undergoing  more  than  a  small  excur- 
sion from  its  position  of  rest,  just  as  a  wave  of  water  travels  far 
and  wide,  while  a  body  floating  on  the  surface  of  the  Avater 
shows  by  its  motion  up  and  down,  that  the  icave  travels,  but  not 
the  water.  The  movement  travels  on,  leaving  the  ether  behind 
it  unchanged.  If  it  reaches  our  eyes  with  sufficient  intensity,  we 
are  conscious  of  UgJit.  If  it  reaches  the  skin  with  any  intensity, 
we  have  the  sensation  of  loarmtli.  When  it  falls  upon  a  body,  it 
may  make  it  luminous  or  raise  its  temperature. 

Whatever  may  be  the  state  of  the  ether  which  is  conveying 
radiation,  Ave  may  be  quite  certain  of  one  thing — that  there  are 
tAVO  phases  of  that  state.  At  one  time  the  movement  is  positive, 
at  another  negatiA'e.  At  one  instant  the  displacement  is  in  one 
direction,  and  the  next  it  is  equal  in  amount  but  opposite  in 
direction.  The  distance  between  two  points  which  are  successively 
moving  in  the  same  manner  is  called  the  length  of  a  Avave  or 
undulation.  In  other  words,  the  length  of  a  Avave  is  the  space 
through  Avhich  the  vibratory  movement  passes,  during  the  time 
occupied  in  the  complete  Adbration  of  any  single  portion  of  the 
ether.  The  total  displacement  of  each  portion  of  the  ether  from 
its  original  position  is  called  the  amplitude  of  the  Avave.  Upon 
this  depends  the  intensity  of  the  light  (and  likeAvise  of  the  thermal 
effects  produced). 

The  joint  effect  of  tA\^o  ether-Avaves  may  be  either  an  increased 
or  diminished  displacement — that  is,  the  amplitude  of  the  joint 
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wave  at  the  point  of  comcide:ice  may  be  larger  or  smaller  than 
that  of  either  of  its  constituent  waves.  The  movement  communi- 
cated by  one  travelling  wave  may  be,  at  that  given  point,  in  the 
same  direction  as  that  communicated  by  the  other  wave.  In  this 
case  the  total  displacement  is  equal  to  the  siun  of  the  separate 
displacements,  and  the  intensity  of  light  is  greater  than  that  from 
either  source  alone.  If  the  displacements  happen  to  be,  however, 
in  opposite  directions,  on  account  of  the  position  of  the  point 
with  regard  to  the  concurring  Avaves,  then  the  resultant  displace- 
ment will  be  the  sum  of  a  positive  and  a  negative  quantity,  i.e. 
the  difference  between  these  quantities,  and  the  direction  will  be 
that  of  the  larger  quantity.  Hence  there  will  be  a  diminution  of 
light.  If  the  two  displacements  are  exactly  equal  and  in  opposite 
directions  at  the  given  point,  then  there  is  evidently  no  resultant 
motion  at  this  point,  and  hence  no  light. 

It  is  obvious  that  displacements  which  neutralise  one  another 
must  be  in  the  same  plane,  and  in  the  case  of  light  this  plane 
must,  from  various  observations,  be  perpendicular  to  the  direction 
of  propagation.  Confirmation  of  this  may  be  obtained  from  the 
behaviour  oi polarised  light. 

In  order  to  measure  the  wave-length,  X,  of  a  given  kind  of 
light,  it  is  necessary  to  know  the  distance,  x,  between  two  con- 
secutive bright  bands,  the  distance,  a,  bet^veen  the  slit  and  the 
eye-piece,  and  the  distance,  c,  between  the  two  virtual  images 
formed  by  the  two  halves  of  the  prism.     Then — 

x  =  £^ 

a 

By  varying  the  light,  or  interposing  coloured  glasses  between 
the  slit  and  the  bi-prism,  the  variation  in  icave-length  may  be 
measured  by  the  same  formula,  the  quantity  x  being  the  only 
variable.  We  shall  find  that  the  colours,  in  the  order  in  which 
they  are  presented  in  the  spectrum,  vary  in  Avave-length,  the 
smallest  wave-lengths  being  at  the  violet  end,  and  the  longest  at 
the  red  end,  the  intermediate  colours  having  intermediate  Avave- 
lengths. 

Explanation  of  Rectilinear  Propagation. — Although 
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the  wave-theory  of  hght  has  simply  and  reasonably  explained 
several  phenomena,  we  have  to  find  some  explanation  for  the 
observed  rectilinear  propagation  of  liglit,  and  for  the  observed 
laws  of  reflection  and  refraction. 

It  is  contrary  to  observation  that  light  should  travel  in  one 
direction  only.  A  source  of  light  is  visible  from  all  directions, 
except  so  far  as  opaque  matter  prevents  its  passage.  It  would 
also  be  inconsistent  Avith  our  assumption  of  the  existence  of  a 
homogeneous  ether  to  suppose,  that  a  disturbance,  set  up  by  a 
radiating  body,  does  not  travel  in  the  same  manner,  and  with  the 
same  speed,  in  all  directions  in  the  same  isotropic  ^  medium.  Since 
the  sphere  is  the  only  body  Avhich  is  symmetrical  in  all  directions 
with  regard  to  space,  a  series  of  spherical  loaves  are  started  in 
the  ether,  and  extend  farther  and  farther  until  obstructed  or 
modified. 

When  the  surface  of  another  medium  is  reached,  we  have  in 
general  two  new  waves  set  up,  each  different  in  direction  from 
the  original.  One  is  the  reflected  wave,  the  other  the  refracted 
wave.  The  relation  in  the  amplitude  of  the  vibrations,  Avhich 
will  determine  the  relative  intensity  of  the  two  waves  of  light, 
will  vary  for  different  media. 

In  the  same  medium,  the  speed  at  which  light  travels  is 
unchanged.  In  a  new  medium,  the  speed  may  naturally  alter. 
It  has  been  clearly  proved  by  direct  observations,  that  the  speed 
of  propagation  does  vary  in  different  media ;  but,  whatever  the 
speed,  light  always  travels  rectilinearly.  We  may,  however,  first 
apply  the  principle  of  interference  to  reconcile  the  wave-theory 
with  the  familiar  fact,  that  an  opaque  body  effectively  shields  a 
portion  of  the  ether  from  disturbances  Avhich  must  be  occurring 
in  its  neighbourhood. 

Let  WV  (Fig.  64)  represent  a  section  of  portion  of  a  wave, 
starting  from  the  luminous  point  0,  and  let  P  be  the  jioint  at 
which  the  effect  of  this  wave  is  considered.  Join  OP  cutting  W  V, 
then  let  a,  b,  c,  d,  e,  f,  etc.,  represent  points  such  that  the 
linear  distances  aP,  bP,  cP,  dP,  etc.,  on  one  side  the  line,  and 
likewise  those,  eP,  fP,  gP,  etc.,  on  the  other  side,  differ  each 
^  Similarly  constituted  iu  all  directions,  or  without  "grain." 


RECTILINEAR  PROPAGATION 


505 


from  its  neighbour  by  the  distance  of  half  a  loave-lengtli.  Then,  if 
we  consider  each  of  these  points  as  the  centre  of  a  new  distiirb- 
ance,  it  is  obvious  that  each  consecutive  pair  of  the  secondary 
waves  produced  will  arrive  at  P  in  opposite  phases,  and,  if  equal, 
would  neutralise  each  other.  That  is,  the  general  result  of  the 
portion  ah  will  be  opposite  to  that  of  the  portion  he,  and  cd 
opposite  in  its  effect  to  the  next,  and  so  on  for  the  other  portions 
of  the  wave. 

But  now,  as  the  distance  from  the  axis  OP  increases,  the 
intensity  of  the  disturbances  rapidly  lessens.  The  obliquity  towards 
P  is  greater  and  the  vibrations  less  effective.     At  a  distance  Avhich  is 


Fig.  64. — Diagram  explaiuiug  rectilinear  propagation  of  light. 

very  small,  on  account  of  the  minuteness  of  the  dimensions  of 
light-waves,  the  effect  of  the  sn1)ordinate  disturbances  from  the 
original  wave  at  the  point  P  is  negligible.  Hence  the  effective 
portion  of  the  wave  consists  of  nothing  but  a  small  area  which 
is  on  the  straight  line  joining  the  luminous  point  with  the 
spectator  at  P.  For  this  reason,  an  obstacle  placed  on  this  line 
shuts  off  the  light  from  P. 

It  will  be  evident  from  this  explanation,  that  if  alternate 
portions,  ah,  cd,  etc.,  be  stopped  by  opaque  bodies,  the  total 
quantity  of  light  reaching  P  will  be  iiu-reased.  This  will  now 
be  demonstrated  by  means  of  a  diffraction  grating. 

The    Diffraction    Grating.— In    observations    with    this 
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grating,  we  shall  deal  with  light-waves  of  one  kind — that  is,  of 
the  same  length — for  the  sake  of  simplicity.  The  apparatns 
consists  of  a  number  of  very  fine  and  A^ry  close  parallel  lines, 
which  have  been  accurately  rided  at  equal  distances,  by  means  of 
a  machine,  on  a  piece  of  glass  or  metal.  A  photographic  repro- 
duction of  such  a  grating  answers  every  purpose. 

The  latter  is  placed  in  a  vertical  position  on  the  small  central  table  of 
the  spectroscope,  so  that  the  yellow  sodium  light  from  the  slit  of  the 
collimator  falls  upon  it  normally.  On  looking  through  the  grating  towards 
the  slit,  the  direct  image  of  the  slit  will  be  seen,  and,  in  addition,  several 
images  on  each  side  of  the  direct  image  growing  fainter  and  fainter  as  they 
increase  in  distance.  On  bringing  the  cross-wires  of  the  telescope  to  bear 
upon  these  images,  and  carefully  adjusting,  if  needful,  the  level  of  any 
portion  of  the  instrument,  their  angular  distance  from  the  central  image, 
and  from  each  other,  may  be  very  accurately  read . 

Let  ab,  aj)^,  a.p^  (Fig.  65)  represent  in  section  the  opaque 
portions  of  the  grating,  P  the  position  of  the  eye,  and  0  the  slit ; 
then  we  may  consider  the  grating  to  coincide  with  a  very  large 
light-wave,  alternate  portions  of  which  are  cut  off  by  the  opacity 
of  the  lines,  while  alternate  portions  are  transmitted — a  condition 
described  in  the  last  section.  Without  the  grating  we  should  see 
the  slit  directly ;  by  means  of  the  grating  the  interfering  portions 
are  intercepted,  and  so  more  than  a  direct  view  of  the  slit  is 
obtained,  and  we  see,  in  a  fashion,  around  a  corner. 

Suppose  that  the  distances  of  P  from  f/o  ^'^'^'^  from  a.^  differ  by 
a  whole  wave-length,  then  the  light  which  would  come  from  the 
portion  a.,a-^  of  the  large  wave  may  be  considered  to  consist  of 
two  j)ortions,  which  are  nearly  equal  but  in  opposite  phases ;  the 
line  a.,&.„  however,  intercepts  one  portion  completely  or  incom- 
pletely, according  to  the  relative  size  of  the  opaque  and  transparent 
portions.  A  bright  band  will  consequently  be  seen  at  Pa.^,  and 
this  will  be  the  first  band.  At  another  position  a^^a-j  on  the 
grating,  the  line  Pa^  will  differ  from  Pa^  by  two  whole  wave- 
lengths ;  then  the  light  which  ^vould  come  from  the  portion  a^a~j 
may  be  considered  to  consist  of  two  portions  which  will  be  in 
opposite  phases.  One  of  these  being  intercepted,  a  band  is  visible 
in  the  direction  Pa~.     This  principle  operates  atall  those  positions 
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of  tlic  grating,  "where  the  correspontUng  distances  differ  by  any 
whole  number  of   Avave-lengths.     The  position  of  these  images 


Fig.  65. — Diagram  illustratiug  action  of  a  diffraction  grating. 

will  be  determined  solely  by  the  length  of  the  light-waves,  and 
Avill  vary  for  different  coloiu's. 

If  d  denote  the  distance  a./i.^,  etc.,  that  is,  the  interval  com- 
posed of  an  opaque  and  a  transparent  portion  of  the  grating  (a 
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distance  wliicli  if^  usually  known  for  each  grating),  and  A  denote 
the  Avave-length  of  the  light  used,  then,  by  construction,  we  have 
for  the  position  of  the  first  image, 

-J  —  sin  6,  or  X  =  d  sin  6, 

Avhen  6  is  the  angle  a.^cij,  or,  which  is  the  same,  the  angle  OPa.,. 
For  the  second  image  and  the  second  angle  0.,, 

X  =  -  sin  0.^,  and  so  on. 
2 

It  is  advisable  in  this  observation  to  take  the  mean  angle, 
obtained  by  measuring  the  corresponding  images  on  each  side  of 
the  main  image.  Precisely  the  same  results,  explicable  in  the 
same  manner,  may  be  obtained  by  reflection  from  lines  ruled  upon 
polished  metal.  When  Avhite  light  is  used,  several  coloured  bands 
may  be  obtained  with  either  reflection  or  refraction  gratings,  since 
we  shall  now  have  each  monochromatic  image  of  the  slit  replaced 
by  a  spectrum,  representing  the  succession  of  images,  caused  by 
the  various  icave-lengths.  By  constructing  a  diagram  which  shall 
include  radiations  of  different  wavedengths,  the  progressive 
difference  in  the  position  of  the  images  will  be  made  clear. 

Explanation  of  Reflection  and  Refraction. — The  same 
principle  of  interference  of  light  may  now  be  applied  to  explain 
the  observed  laws  of  reflection  and  refraction  in  isotropic  media — 
that  is,  media  which  do  not  interfere  by  their  structure  with  the 
spherical  propagation  of  ether-waves. 

Each  portion  of  the  bounding  surface  of  two  such  media  with 
light  incident  upon  it  becomes  a  centre  of  disturbance,  from  Avhich 
minor  waves  are  propagated  in  each  medium.  The  effect  at  a 
given  point  P  (Fig.  66)  in  the  one  medium  is  the  resultant  of  all 
the  distin^bances  which  reach  it ;  and  the  effect  at  a  given  pomt  p 
is  the  resultant  of  all  the  disturbances  which  reach  that  point 
through  the  otlier  medium. 

Suppose  the  incident  wave-front  be  considered,  for  simplicity, 
as  a  straight  line  ab  cutting  the  surface  in  a.  Draw  he  perpen- 
dicular to  ab.  (For  the  clear  understanding  of  this  argument,  it 
is  of  the  greatest  importance  that  the  whole  diagram  should  be 
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accurately  copied,  ste]i  by  step,  on  a  larger  scale,  by  the  aid  of 
compasses  and  rulers.)  Then  from  a  as  centre,  and  with  he  as 
radius,  describe  the  partial  circle  dq.  By  the  time  the  portion  of 
the  wave-front  at  h  has  reached  the  surface  at  C,  the  disturbance 
originated  at  a  will  have  spread  to  all  parts  of  the  curve  dx. 
Take  intermediate  points  e  and  /  on  the  wave-front  ah,  and  draw 
perpendiculars  from  them  to  the  surface.  From  the  points  g  and 
h  describe  partial  circles  with  radii  equal  to  the  respective 
distances  Avliich  the  wave-front  at  h  has  yet  to  travel  in  order 
to  reach  the  surface,  after  the  portions  at  e  and /have  respectively 
reached  it.       These    distances    Avill    be  jc  and  Ice,   obtained   by 


Fig.  66, 


drawing  parallels  to  the  wave-front  from  the  points  g  and  h.  X 
tangent  drawn  to  these  curves  will  noAV  represent  the  reflected 
wave-front. 

Let  t;s  now  take  several  points  on  the  surface  ac,  such  that 
the  displacements  caused  at  the  point  m  by  the  Avaves  from  con- 
secutive portions,  x,  y,  ;:,  are  in  opposite  directions — i.e.  the  dis- 
tance of  these  points  from  m  must  vary  by  half  wave-lengths. 
Then,  as  before  demonstrated,  the  only  effective  portion  of  the 
surface  in  ilhiminating  the  point  m  is  the  smcdl  area  at  g,  the 
displacement  at  which  has  been  caused  by  the  portion  of  the 
wave-front  at  e,  the  areas  farther  away  more  and  more  completely 
destroying  one  another's  effects.  The  same  reasoning  applies  to 
every  other  portion  of  the  reflected  wave-front,  and  hence  the  light 
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must  be  reflected  in  the  direction  gm,  as  represented  by  tlie 
wave  -  front  dc,  all  disturbances  in  other  directions  being 
neutralised. 

It  is  obvious  from  the  construction  that  the  reflected  wave- 
front  is  inclined  at  the  same  angle  to  the  reflecting  surface 
as  the  incident  wave-front,  and  that  they  are  both  in  the  same 
plane. 

To  the  refracted  portion  of  the  wave,  the  same  arguments  and 
the  same  construction  may  be  applied,  with  the  exception  of  the 
modification  required  by  the  difference  in  tlie  speed  of  the  waves 
in  the  two  media.  The  partial  circle,  which  is  drawn  from  the 
point  a  in  the  new  medium,  must  have  a  radius  an  which  shall 
bear  to  the  distance  he  the  same  ratio  as  the  speed  of  light  in  the 
new  medium  bears  to  the  speed  in  the  old  medium.  The  same 
ratio  must  be  observed  in  the  other  cases,  and  a  tangent  drawn 
to  the  several  partial  circles  in  the  new  medium  is  seen  to  be 
deflected  on  account  of  this  change  of  speed.  It  may  be  proved, 
by  applying  the  principle  of  interference,  as  before,  to  represent 
the  refracted  wave-front. 

The  incident  and  refracted  waves  are  in  the  same  plane,  and 
if  ^  and  <^'  stand  respectively  for  the  angles  each  makes  with  the 
normal  to  the  surface,  then,  by  geometry, 

sin  4^      he        V 

^,  ==  -  or  — . 

sin  <^'     an       v 

Or,  the  sines  of  these  angles  are  in  the  same  ratio  as  the  speeds  of 
light  in  the  two  media,  a  ratio  which  is  constant  for  the  same 
media.  Hence  we  may  ascertain  relative  speeds  by  measuring 
refractive  indices. 

The  most  convenient  method  of  measuring  the  refractive  index 
of  a  body,  if  a  solid,  is  to  grind  it  to  the  form  of  a  prism,  measure 
the  angle  of  the  prism  by  reflection  of  light  with  the  spectroscope, 
then  measure  the  angle  of  minimum  deviation  when  light  passes 
through  the  substance.  If  a  liquid,  it  is  enclosed  in  a  hollow 
prism,  of  which  the  sides  are  perfectly  plane  parallel-sided  pieces 
of  glass,  and  not  able  themselves  to  cause  any  total  deviation. 
Measurements  are  then  made  as  with  a  solid. 
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A  table  of    refractive  indices — that  is,  of  the  ratio 
for  yellow  sodium  light  from  air  is  given  beloAV. 


sin  <^ 


sin  <fi' 


Table  of  Refractive  Indices  for  the  mean  D  line  of  Sodium. 


Diamond 
Kuby  . 

Iceland  spar  (ord. ) 
,,     (ext.) 
Topaz . 
Flint  glass  . 
Emerald 
(Quartz  (ord. ) 
,,      (ext.) 
Rock  salt     . 
Canada  balsam    . 


2-42 

1-71 

1-658 

1-486 

1-61 

1-6 

1-58 

1-544 

1-553 

1-54 

1-53 


Crown  glass 

Fluor  spar     . 

Ice 

Carbon  disulphide 

Benzene 

Glycerin 

Turpentine    . 

Alcohol  (ethyl)      . 

Ether  (ethyl) 

Water  . 

Alcohol  (methyl)  . 


1-5 

1-43 

1-31 

1-63 

1-49 

1-47 

1-46 

1-36 

1-35 

1-33 

1-33 


Explanation  of  Spectra,  with  Observations. — ^In  all 

the  previous  observations  we  have  paid  more  attention  to  the 
luminotis  effects  of  radiation  than  to  the  tliermal  effects,  but  simple 
experiments  suffice  to  show,  that  the  observed  changes  possess 
their  thermal  aspect.  For  example,  the  focus  of  light  is  near  the 
focus  of  temperature ;  the  direction  m  which  light  is  reflected  or 
refracted  is  the  du-ection  along  which  the  maximum  heating 
effects  are  produced  by  the  radiating  centre.  At  the  same  time 
we  must  remember  that  ether-waves  are  likely  to  be  checked  or 
absorbed  in  varying  degrees  during  their  passage  through  various 
kinds  of  matter.  If  this  be  so,  in  accordance  with  the  size  and 
condition  of  the  material  particles  which  meet  them,  there  will  be 
some  waves  more  completely  absorbed  than  others.  The  mutual 
action  of  ether-waves  with  matter  forms  a  wide  field  of  investiga- 
tion, which  our  past  work  should  enable  us  to  approach. 

White  light  transmitted  through  blue  glass  appears  blue, 
because  the  particles  of  the  glass  have  absorbed  the  rest  of  the 
white  light  and  let  through  only  the  blue.  So  it  is  for  other 
colom's.  A  coloured  flower  absorbs  a  portion  of  the  sunlight 
incident  upon  it,  reflecting  only  those  waves  which  confer  its 
particular  colour.     That  a  difference  of  wave-length    constitutes 
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variety  of  colour  may  be  readily  demonstrated  by  interposing 
coloured  transparent  bodies,  or  changing  the  colour  of  the  light, 
in  interference  experiments.  The  distance  apart  of  the  inter- 
ference bands  varies  with  different  colours,  and  gives  an  oppor- 
tunity of  comparing  the  wave-lengths  corresponding  with  the 
colours. 

The  dispersion  of  white  light  in  passing  through  a  prism 
is  brought  about  by  the  fact,  that  the  speed  of  sliort  tvaves  is  nj-ore 
checked  than  that  of  larger  waves  in  passing  through  the  denser 
medium,  and  shorter  waves  are  consequently  the  more  refracted. 
A  reference  to  the  diagram  explaining  refraction  will  make  this 
clear. 

The  dimensions  of  wave-lengths,  fomid  by  experiments,  are  of 
the  same  magnitude  as  we  should  expect  to  find  for  waves,  which 
are  originated  and  influenced  by  particles  of  a  size  consistent  with 
the  molecular  theory.  Ether-Avaves,  molecules,  and  atoms  are 
physical  phenomena  of  the  same  order,  incapable  of  being  directly 
observed,  but  yet  apparent  to  reason.  The  nature  of  the  move- 
ments among  particles  of  matter,  which  give  rise  to  these  ether- 
waves,  remains  a  matter  for  future  investigation.  So  far,  we  can 
only  say  that  it  is  a  kind  of  vibration. 

When  the  temperature  of  a  body  rises,  the  vibration  increases 
in  amplitude,  and  may  change  in  character.  A  solid  or  liquid  at 
a  very  high  temperature  emits  white  light.  The  constant 
collision  of  particles  is  probably  that  which  brings  about  all  kinds 
of  vibrations,  and  hence  ether-waves  of  all  lengths.  Many  of 
these  are,  no  doubt,  invisible. 

The  particles  of  a  gas,  unless  at  a  high  pressiu'e,  suffer  com- 
paratively few  collisions,  and  hence  give  out  a  few  characteristic 
vibrations,  forming  distinct  line  spectra.  Our  main  source  of 
light,  the  sun,  emits  waves  of  all  lengths,  not  only  waves  of  light 
and  heat,  but  those  which  do  not  affect  our  senses  and  have  to  be 
made  apparent  by  special  means.  This  is  what  we  sho\dd  expect 
from  such  a  body  as  the  sun. 

The  sjDCcial  line  spectra,  from  Avhich  so  much  may  be  learnt 
as  to  the  composition  of  bodies,  must  be  studied  cautiously.  We 
shall  find  that  the  s})ectrum,  characteristic  of  a  given  body  at  a 
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given  temperature,  is  not  necessarily  the  same  as  its  spectrum  at 
another  temperature,  or  as  the  one  yielded  by  an  electric  discharge 
passing  through  it.  Also,  a  change  of  pressure  may  bring  about 
modifications.  Although  conclusions  must  not  be  drawn  too 
freely  from  spectroscopic  observations,  since  a  given  vibration  may 
be  due  to  several  others  combining,  or  may  be  modified  by 
neighbouring  particles,  yet  they  have  become  a  most  important 
means  of  analysis,  far  exceeding  in  delicacy  any  other  method. 
New  conceptions  as  to  what  is  truly  elementary  matter  have  also 
been  gained  from  spectroscopic  investigations. 

Another  branch  of  spectroscopic  work  is  the  investigation  of 
the  results  of  transmittiny  ordinary  light  through  incandescent 
vapours.  We  find  under  certain  conditions,  that  the  usual 
characteristic  bright  lines  are  replaced  by  dark  spaces.  In 
other  words,  the  characteristic  vibrations  previously  emitted  are 
now  absorbed.  The  jxarticles  of  the  vapour  select  and  check  those 
vibrations,  which  are,  as  it  Avere,  attuned  to  their  own  periods. 
It  is  obvious,  if  this  result  is  to  be  obtained,  that  the  vapour  must 
not  be  at  a  temperature  high  enough  to  yield  of  itself  a  bright 
spectrum.  These  absorption  lines  are  conveniently  seen  in  the 
spectrum  of  the  sun,  Avhich  shows  numerous  dark  spaces  corre- 
sponding with  the  bright  lines  emitted  by  known  terrestrial 
vapours.  A  less  heated  envelope  of  vapours,  of  very  complex  com- 
position, surrounding  the  sun  sifts  out  various  portions  of  a 
spectrum  in  other  respects  quite  continuous.  A  good  reflection 
grating  exhibits  these  lines  very  satisfactorily  with  the  aid  of  a 
heliostat. 

The  main  result  of  our  observations  of  the  moveiuents  of  ether 
should  Ije,  to  impress  upon  us  the  need  of  considering  it  as  a 
possible  agent  in  other  changes.  We  have  seen  that  it  is  capable 
of  handing  on  the  state  of  one  portion  of  matter  in  one  place  to 
another  portion  in  another  place ;  we  have  seen  that  this  is 
performed  in  a  pecidiarly  subtle  manner,  and  we  can  never 
consider  that  any  of  our  knowledge  of  natural  changes  approaches 
completeness,  until  we  understand,  not  only  the  changes  of  so-called 
matter,  l)ut  also  the  changes  of  the  ether  in  its  neighbourhood. 
In  the  future,  ether  movements  corresponding  with  magnetic  and 
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electric  disturbance  will  have  to  be  investigated  by  the  student, 
as  well  as  further  details  about  the  theory  of  light,  which  may  be 
gathered  from  what  is  called  the  polarisation  of  light.  These 
and  other  conquests  in  the  domain  of  nature  are  the  result  of 
persevering  efforts  in  experiment,  combined  with  accuracy  of 
observation.  And  accuracy  in  matters  of  observation  depends 
upon  completeness.  At  the  same  time  we  have  to  remember, 
that  the  deeper  observation  goes,  the  more  there  is  to  observe. 
The  practical  demonstration  by  Hertz  of  the  transmission  of 
electric  disturbances  by  ether-waves,  of  the  same  character  as 
light  though  of  much  greater  length,  has  been  a  remarkable  con- 
firmation of  suggestions  to  this  effect,  which  were  first  made  by 
Faraday  and  then  worked  out  mathematically  by  Clerk  Maxwell. 
This  recently  acquired  insight  into  the  mechanics  of  ether  is  pro- 
bably destined  to  undergo  remarkable  developments  in  the  future, 
and  it  is  the  future  which  will  always  possess  the  most  potent 
attractions  for  the  student  of  Science. 
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Acceleration,  77. 
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Acid  and  alkali,  158. 

Acid  dibasic,  216. 

Acid  monobasic,  216. 

Acid  radicle,  216. 

Acid  tribasic,  216. 

Acids,  202. 

Ail-,  constituents  of,  141. 

Air  currents,  130. 

Air,  density  of,  192. 

Alkali  and  acid.  158. 

Alkalies,  202,  221. 

Anunonia,  220. 

Aniorplious  bodies,  189. 

Amplitude,  302. 

Analysis,  183. 

Aneroid,  101. 

Angle  of  prism,  297. 

Aqua  fortis,  223. 

Aqua  regia,  227. 

Area,  19. 

Argon,  141,  193. 

Arms  of  lever,  273. 

Atmosplieric  circulation,  135. 

Atmospheric  temperature,  133. 

Atom,  187. 

Atomic  theory,  158,  186. 

Atomic  weight,  181,  187. 

Atomic  weights  table,  181. 

Atwood's  machine,  79. 

Avogadro's  theory,  179. 

Balance,  32,  155. 
Balancing  columns,  98. 
Ballistic  pendulum,  93. 
Barometer,  fall  of,  137. 
Bases,  202,  221. 
Bichromate  cell,  119. 
Bi-prism,  300. 
Bivalent  atoms,  227. 


Boiling  of  water,  11. 
Bowstring  girder,  258. 
Breezes,  land  and  sea,  135. 
Bridges,  257. 
Bunsen  cell,  119. 
Burning  in  air,  114. 

Caloric,  162,  239. 
Calorie,  162. 
Caloriinetry,  166. 
Capacity  for  electricity,  173. 
Carbon.  112,  205. 
Carbon'dioxide,  194,  208. 
Carbon  disulphide,  213. 
Carbon  monoxide,  297. 
Carbonates,  208. 
Cause  of  colour,  293. 
Caustic  potash,  221. 
Caustic  soda,  221. 
Centimetre  cube,  39. 
Chalk,  208. 
Change,  2. 

Change  att'ected  by  quantity,  143. 
Change,  chemical,  124. 
Change,  classes  of,  110. 
Change,  electrical,  116. 
Change  of  Ibrm,  16. 
Change  of  motion,  149. 
Change  of  position,  14. 
Change  of  size,  62. 
Change  of  state,  14,  16,  112,  127. 
Change  of  volume,  124. 
Change,  origin  of,  251. 
Change,  physical,  124. 
Chemical  affinity,  185. 
Chemical  change,  12,  124. 
Chemical  change,  modes  of.  185. 
Chemical  compounds,  23. 
Chemical  elements,  23. 
Chemical  equivalents,  158,  160. 
Chemistry,  2,  23. 
Chemistry  in  life,  141. 
Chlorine,  225. 
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Choke-damp,  209. 

Classes  of  change,  15. 

Cleavage,  lines  of,  189. 

Clocks  and  watches,  234. 

Cloud,  formation  of,  139. 

Coal,  205. 

Coefficient  of  expansion,  125. 

Cohesion,  202. 

Coincidence,  32. 

Coke,  205. 

Colour  mixture,  292. 

Combining  proportions,  84,  186,  225. 

Combustion,  194. 

Comparison  of  distances,  31. 

Comparison  of  masses,  31. 

Comparison  of  two  pendulums,  232. 

(Composition  of  displacements,  265. 

Composition  of  forces,  265. 

Composition  of  velocities,  265. 

Compounds,  23,  183. 

('()U(irnsation  of  water-vapour,  138. 

Conduction  of  heat,  129. 

Conductors  of  electricity,  117. 

Conductors  of  heat,  115. 

Connection  of  events,  150. 

Connection  of  facts,  5. 

Conservation  of  energy,  240,  241. 

Conservation  of  nuiss,  62. 

Conservation  of  matter,  157,  179. 

Constituents  of  air,  193. 

Constituents  of  water,  196. 

Convection,  129. 

Conversion  of  motion,  275. 

Crane,  256. 

Crystallisation,  188. 

Crystallisation,  water  of,  189. 

Crystals,  189. 

Cubic  centimetre,  39. 

Current,  heating  effect  of,  120. 

Dalton,  158, 186. 

Daniell  cell,  119. 

Davy's  experiments,  90. 

Day  and  night,  40. 

Decomposition  of  light,  291. 

Density,  53. 

Density  of  air,  192. 

Deviation,  angle  of  minimum,  296. 

Dew,  formation  of,  139. 

Diamond,  205. 

Diffraction  grating,  305. 

Diffusion,  178. 

Dimorphous  bodies,  189. 

Direction,  18,  56. 

Dispersion  of  white  light,  312. 

Displacement,  264. 

Displacements,  composition  of,  265. 

Distance,  IS. 


Distillation,  128,  191. 
Distilled  water,  198. 
Dyads,  228. 
Dynamo,  121. 

Earth  as  timekeeper,  40. 

Efficiency,  71. 

Elasticity,  279. 

Electric  capacity,  173. 

Electric  cell,  119. 

Electric  circuit,  119. 

Electric  current,  119.  ^ 

Electric  field,  67. 

Electric  light,  120. 

Electric  stress,  68. 

Electrical  conduction,  117. 

Electrical  phenomena,  116. 

Electricity  as  a  quantity,  67. 

Electro-chemical  equivalents,  173. 

Electrolysis,  173. 

Electromotor,  151. 

Electrophorus,  116. 

Electroscope,  116. 

Elements,  23,  156,  180. 

Elements,  synd)ols  of,  181. 

Elements,  table  of,  181. 

Energy  as  square  of  speed,  154. 

Energy,  chemical,  151. 

Energy,  conservation  of,  240,  241. 

Energy,  kinetic,  152,  235. 

Energy  of  electrification,  151. 

Energy  of  heat,  151. 

Energy  of  motion,  152. 

Energy  of  pendulum,  236,  242. 

Energy  of  rotation,  245. 

Energy  of  strain,  150. 

Energy,  potential,  152. 

Energy,  source  of,  150. 

Energy,  space-rate  of,  250. 

Energy,  storage  of,  244. 

Energy,  time-rate  of,  250. 

Energy,  transfer  of,  153. 

English  standards,  28. 

English  weights,  29. 

Equality  of  cause  and  effect,  100,  108. 

Ecjuations,  chemical,  188. 

Equilibrium  conditions,  262. 

Ei(uililjrium  of  liquids,  97. 

K(|uililirium  of  many  forces,  279. 

Equilibrium  of  tliree  forces,  276. 

Equivalence  of  energy  and  woilc,  100. 

Equivalent  weight,  228. 

Ether,  123,  279": 

Etlier  vibration,  132. 

Ethylene,  209. 

Evaporation,  188. 

Examples  of  measurement,  43. 

Expansion,  coefiicieut  of  linear,  125. 
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Expausion  of  gases,  126. 
Expansion  of  liquids,  126. 
Expansion,  voluminal,  126. 
Expansion  with  heat,  126. 

Fall  of  a  body,  7. 

Fall,  time  of,  78. 

Filtrate,  182. 

Filtration,  182. 

Fire-damp,  209. 

First  law  of  motion,  263. 

Flame,  191. 

Flywheel,  245. 

Flywheel,  nse  in  machinery,  247. 

Focal  length,  291. 

Focus,  291. 

Fog,  formation  of,  139. 

Foot-pound,  243. 

Force,  238,  253. 

Force,  moment  of,  274. 

Forces,  composition  of,  266. 

Formulffi,  chemical,  187. 

Fractional  distillation,  191. 

Free  fall  experiment,  79,  SO. 

Friction,  276. 

Friction  in  pulley,  278. 

Fulcrum,  273. 

Fundamental  note,  283. 

Galvanometer,  68,  118. 

Graduation  of  thermometer,  63. 

Gramme,  27. 

Graphic  records,  59. 

Graphite,  295. 

Gravitation,  96. 

Gravitation  and  magnetism,  122. 

Gravitation  not  selective,  161. 

Gravitation,  universal,  148. 

Grove  cell,  119. 

Gulf  stream,  131. 

Hard  water,  198. 

Heat  and  motion,  11,  88. 

Heat,  conduction  of,  115,  129. 

Heat  engine,  90. 

Heat,  mechanical  equivalent  of,  240. 

Heat,  quantity  of,  60. 

Heat,  radiation  of,  130. 

Heat,  redistribution  of,  70. 

Heat  sensation,  61. 

Heating  effect  of  current,  120. 

Heterogeneous  matter,  23. 

Hoar-frost,  formation  of,  139. 

Horse-power,  244. 

Hydrates,  221. 

Hydraulic  press,  108. 

Hydrochloric  acid,  227. 

Hydrogen,  199. 


Hydrogen,  properties  of,  201. 
Hydrogen  sulphide,  212. 
Hydroxides,  221. 

Image  in  plane  mirror,  293. 

Image  in  two  mirrors,  294. 

Image,  real,  295. 

Image,  virtual,  295. 

Impurities  in  water,  140. 

Incandescence,  195. 

Inclined  plane,  78,  270. 

Index  of  refraction,  290,  311. 

Indirect  comparison,  33. 

Inertia,  111,  146,  238. 

Inference,  13. 

Insoluble  salt,  182. 

Insulators,  117. 

Interference  of  light-waves,  299,  301. 

Interference  of  sound-waves,  299. 

Iron,  121. 

Isochronism  of  pendulum,  8. 

Isomori)hous  bodies,  189. 

Joule's  experiments,  90,  240. 

Kinetic  energy,  72,  152,  235. 
Kinetic  energy,  measurement  of,  246. 

Land  breeze,  125. 

Latent  heat  of  fusion  of  ice,  168. 

Latent  heat  of  fusion  of  paraffin,  168. 

Latent  heat  of  vaporisation.  169. 

Lavoisier's  experiments,  156. 

Laws  of  motion,  S3,  238. 

Laws  of  reflection,  287. 

Laws  of  refraction,  289. 

Leap  year,  40. 

Leclanche  cell,  119. 

Length  of  pendulum,  231. 

Lens,  290. 

Level  of  liquids,  9/. 

Lever,  102,  104,  272. 

Levers,  law  of,  103. 

Light  decomposed  by  prism,  291. 

Light,  jjolarisation  of,  314. 

Light  rays,  286. 

Light,  rellection  of,  287. 

Light,  velocity  of,  281,  310. 

Light-waves,  287. 

Light,  wave-theory  of,  299. 

Limestone,  208. 

Lime-water,  114. 

Limits  of  accuracy,  42. 

Line  spectra,  312. 

Liquid  pressure,  100. 

Litre,  39. 

Loudness,  284. 

Loudness  of  sound,  286. 
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^Machinery,  object  of,  244. 

Machines,  object  of,  102,  107. 

Magnet,  122. 

Magnetic  field,  72. 

Magnetic  properties,  118. 

Magnetic  stress,  68,  119. 

Magnetism  and  gravitation,  122. 

Magnification  by  screw,  36. 

Magnification  by  solution,  37. 

Magnification  by  vernier,  34. 

Marble,  208. 

Mariner's  compass,  57. 

Marsh  gas,  209. 

Mass  and  electricity,  172. 

Mass  and  tenijierature,  162. 

Mass  and  weiglit,  147. 

Mass,  sensation  of,  146. 

Matter  and  cliange,  17. 

Matter,  classes  of,  112. 

Matter,  conservation  of,  157,  179. 

Matter,  heterogeneons,  23. 

Matter,  homogeneous,  22. 

Matter  in  motion,  74. 

Matter,  particles  of,  177. 

Matter,  properties  of,  252. 

Matter,  states  of,  177. 

Meaning  of  force,  82. 

Measurement,  4. 

Measurement  of  areas,  38. 

Measurement  of  kinetic  energy,  246. 

Measurement  of  time,  19,  232. 

Mechanical  advantage,  271. 

Mechanical     equivalent    of    heat,    90, 

240. 
Mechanical  timekeepers,  41. 
Melting  of  ice,  11,  167. 
Meridians  of  longitude,  58. 
Methane,  209. 
Metre,  27. 

Metric  standards,  28. 
Metric  weights,  30. 
Micrometer  screw,  36. 
Mineral  springs,  198. 
Minimum  deviation,  296. 
Mirror,  plane,  293. 
Mirror,  spherical,  294. 
Mist,  formation  of,  139. 
Mixtures.  23,  183. 
Molecule,  187. 
Moment  of  force,  274. 
Momentum,  83,  144. 
Momentum  experiments,  92. 
Momentum,  unit  of,  144. 
Monads,  228. 
Motion,  111. 
Motion  and  heat,  88. 
Motion,  conversion  of,  275. 
Motion,  laws  of,  238. 


Motion,  nature  of,  10. 
Musical  note,  282. 

Nature  of  degrees,  85. 
Nature  of  motion,  10. 
Nicholson's  hydrometer,  55. 
Nitrates,  224. 
Nitric  acid,  223. 
Nitrites,  224. 
Nitrogen,  141,  193. 
Nitrous  acid,  224. 
North  Pole,  57. 

Observation,  13. 

Oletiant  gas,  209. 

Optical  Vjench,  201. 

Optical  test  of  iilaneuess,  299. 

Oscillation,  75,  286. 

Oxidation,  141. 

Oxides,  202. 

Oxides  of  phosphorus,  218. 

Oxygen,  114,141. 

Oxygen,  discovery  of,  155. 

Oxygen,  preparation  of,  201. 

Oxygen,  properties  of,  201. 

Parabolic  arch,  259. 
Paral)olic  path,  82. 
Parallels  of  latitude.  58. 
Particles  of  matter,  177. 
Pendulum,  8,  41. 
Pendulum,  energy  of,  236,  242. 
Pendulum,  isochronism  of,  8. 
Pendulum,  length  of,  231. 
Pendulum,  time  of,  231. 
Phase,  302. 
Phosphates,  218. 
Phosphoretted  hydrogen,  219. 
Phosphoric  acid,  218. 
Phosphorus,  217. 
Physical  change,  124. 
PliysicR,  2. 
Physiologv,  2. 
Pitch  of  note,  283,  286. 
Pitch  of  screw,  36. 
Plane  mirror,  93. 
Polar  axis,  57. 
Polarisation  of  light,  314. 
Polygon  of  forces,  270. 
Position,  19,  55. 
Potash,  221. 
Potential  energy,  152. 
Power,  242,  249. 
Precipitation,  190. 
Priestley's  experiments,  156. 
Principal  focus,  291,  295. 
Prism,  290. 
Prism,  angle  of,  297. 
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Properties  of  matter,  252. 
Pulley,  friction  iu,  278. 
Pulley,  single,  105. 
Pulleys,  system  of,  102,  105. 
Pure  siiectruni,  296. 
Purity  of  rain,  110. 

Quality  of  sound,  286. 
Quantity,  52. 

Quantity  affecting  change,  113. 
Quantity  of  heat,  60,  86. 
Quantity,  standard,  25. 
Quantity,  unit,  25. 
Quartivaleut  atoms,  228. 

Radiation,  134. 
Radiation  of  heat,  130. 
Radiation,  solar.  132. 
Rain,  effects  of,  139. 
Rain,  formation  of,  139. 
Rain,  purity  of,  140. 
Rain-water,  197. 
Rate  of  pendulum,  8. 
Rate,  space-,  238. 
Rate,  time-,  237. 
Real  image,  295. 
Reciprocating  motion,  275. 
Rectilinear  propagation,  304. 
Reflection,  laws  of,  287. 
ReHectiou  of  light,  287. 
Reflection  of  waves,  308. 
Refraction,  laws  of,  289. 
Refraction  of  waves,  308. 
Refraction  through  lens,  290. 
Refraction  through  prism,  290. 
Refractive  index,  290,  310. 
Refractive  indices  table,  311. 
Refrangibility,  292. 
Relation  of  changes,  69. 
Relative  displacement,  76. 
Relative  rest,  76. 
Residue,  182. 
Resultant  force,  265. 
River-water,  198. 
Rotated  mirror,  297. 
Rotation,  74. 
Rotational  energy,  245. 
Rumford's  experiments,  89. 

Salt,  formation  of  a,  159. 

Salts,  203. 

Salts,  how  named,  222. 

Saturation  att'ected  by  temperature,  138. 

Saturation  of  air,  137. 

Screw,  35. 

Sea-breeze,  135. 

Sea-water,  198. 

Sensation  of  mass,  146. 


Simple  pendulum  experiments,  9. 

Sliding  friction,  277. 

Soda,  221. 

Soluble  salt,  182. 

Solution,  37,  182. 

Sonometer,  282. 

Sound,  velocity  of,  281,  286. 

Sound,  wave-length  of,  285. 

Space,  20. 

Space-rate,  237. 

Specific  gravity,  54. 

Specific  heat,  163, 

Spectra,  311. 

Spectroscope,  296. 

Spectrum,  292. 

Speed,  33,  39. 

Spherical  mirror,  294. 

Spherical  waves,  287. 

Spring-water,  197. 

Square  centimetre,  -38. 

Standard  of  length,  26. 

Standard  of  mass,  26. 

Standard  pound,  31. 

Standard  quantity,  25. 

Standard  temperatures,  84. 

Standard  yard,  32. 

States  of  matter,  3,  17,  177. 

Stirtness  of  material,  160. 

Storage  of  energy,  244. 

Strength  of  material,  160. 

Stress,  239. 

Stress  iu  bridge,  257. 

Stress  iu  cords,  96. 

Stress  iu  crane,  256. 

Stress  in  liquids,  96. 

Stress  in  roof-truss,  255. 

Struts  and  ties,  257,  261. 

Sublimation,  182. 

Sulphates,  215. 

Sulphites,  213. 

Sulphur,  210. 

Sulphur  dioxide,  213,  231. 

Sulplmr,  forms  of,  211. 

Sulphuretted  hydrogen,  212. 

Sulphuric  acid,  214. 

Sulphurous  acid,  213. 

Sulphur  trioxide,  214. 

Sun  source  of  change,  1-32. 

Sun  source  of  power,  91. 

Surface,  19. 

Suspension  bridge,  258, 

Symbol,  chemical,  187. 

Svmmetry,  planes  of,  189. 

Synthesis,  183. 


Temperature,  63,  84. 
Temperature     affecting 
138. 


saturation, 
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Temperature  and  mass,  162. 

Temperature,  atmospheric,  133. 

Tension  in  cords,  267. 

Test  of  plane  surface,  299. 

Tetrads,  228. 

Thermal  equivalent,  163. 

Thermal  equivalent  talile,  165. 

Thermo-electric  couple,  120. 

Thermo-electric  scale,  120. 

Thermometric  scale,  85. 

Thermopile,  121,  135. 

Ties  and  struts,  257,  261. 

Tight  string  loaded,  268. 

Time,  21. 

Time  of  fall,  78. 

Time  of  pendulum,  231. 

Timekeeper,  eartli  as,  40. 

Timekeepers,  mechanical,  41. 

Time-rate,  237. 

Trade  winds,  136. 

Translation,  74. 

Triads,  228. 

Triangular  truss,  255. 

Trivalent  atoms,  228. 

Tuning-fork,  283. 

Two  mirrors,  images  in,  294. 

Two  pendulums,  comparison  of,  232. 

Unit  quantity,  25. 
Unit  of  momentum,  144. 
Unit  of  work,  243. 
Univalent  atoms,  228. 
Universal  gravitation,  148. 


Valency,  227. 

Velocities,  composition  of,  265. 
Velocity  of  light,  281,  310. 
Velocity  of  sound,  281,  286. 
Vernier,  34. 
Vibration  of  rod,  281. 
Virtual  image,  295. 
Voltameter,  173. 
Volume,  20. 

Watches  aud  clocks,  234. 
Water,  composition  of,  196. 
Water  currents,  130. 
Water  equivalent,  168. 
Water  in  living  things,  140. 
Water,  jiroperties  of,  195. 
Water-vapour,  137. 
Wave-fiont,  309. 
Wave-length,  392. 
Wave-length  of  sound,  285. 
Waves,  retlectiou  of,  308. 
Waves,  refraction  of,  308. 
Wave-tlieory  of  light,  299,  301. 
Weigliing  by  substitution,  34. 
Weight  aud  mass,  147. 
Weight  in  watei',  55. 
Wheel  anil  axle,  102,  104. 
White  light,  312. 
Wind  afi'ected  by  rotation,  136. 
Work,  153. 
Work  of  a  force,  249. 
Work,  unit  of,  243. 

Yard,  standard,  32. 
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